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Disclaimer Statement

The ExplorationStudiesProcess, as explainedindetailinSection2 of VolumeI, was a requirements
driven, iterative,and dynamicprocessdevelopedfor casestudyanalysis. Thisprocessconsistedof
three parts: (1) requirementsgeneration,(2)implementationdevelopment,and (3)integrated case
studysynthesis.

Duringthefinalstepoftheprocess,an integratedmissionwas developedforeach ofthecase

studiesby synthesizingthe implementationsdevelopedearlierintoa coherentand consistent
referencemission.ThesearepresentedinSection3 ofVolume Iofthisannualreport.Giventhe
iterativeanddynamicnatureofthisprocess,therearetwoimportantitemstonote:

The Integrated case studies do not always reflect a mission that has a direct one-
to-one correspondence to the requirements specified in the March 3, 1989, Study
Requirements Document. Many changes were made to these requirements prior
to and during the synthesis activities when warranted.

The Integrated case studies presented in Volume I represent the results of the
synthesis process. Volumes il, III, and IV are the Implementation databases from
which the Integrated case studies were derived. Therefore, the implementations
outlined in Volumes II, III, and IV are generally reflected In the integrated case
studies, but, in some cases, the Implementations were changed in order to be
effectively included in the integrated case studies. These modifications are only
briefly discussed in Volumes II, III, and IV.
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SECTION 1

Introduction

This report has been compiled by the Office of
Exploration's Node Integration Agent (IA) to

document all information on system requirements,
engineering design implementations, operations and
technology needs for the three FY89 OEXP case

studies in the area of Orbital Transportation Nodes.
These orbital transportation nodes as defined in the
three case studies are either (1) Space Station
Freedom evolved as a transportation node
configuration in low Earth orbit (LEO), or (2) Space
Station Freedom evolved primarily as a research
facility, with a completely separate assembly
fixture also in LEO, or (3) Space Station Freedom
evolved as a research facility with no assembly
fixture available. In addition, the use of a

transportation node in low lunar orbit (LLO) was
investigated.

A transportation node as defined in this report is an
orbital facility used primarily for the processing of
lunar or Mars transportation vehicles, and their

accompanying crew, payload, and propellant.
Vehicle processing could include but would not be

limited to initial LEO vehicle and payload
assembly, storage, servicing, repair, health
monitoring, and fueling.

This report was initially intended to provide solely
the information derived by the Node IA during the
FY89 study process. However, to maintain continuity
of subject matter, the Node IA and the Office of Space
Station's Transition Definition Transportation Node
study lead integrated their efforts to produce a more
encompassing document.

To provide an understanding of the roles of the Node
IA and the Transition Definition study effort,
Sections 2 through 4 give an overview of the different
organizational activities and review the FY89 case
study process.

Section 5 provides a technical overview of Space
Station Freedom as baselined during the January,
1989 to August, 1989 timeframe. The elements

described in the technical overview are important

because they describe the fundamental orbital

building blocks that NASA plans to use over the next
30 years.

It is important to note that the Space Station
rephasing activities initiated in the July, 1989
limeframe were not part of the FY89 analysis effort.
The impacts of changing the baseline Space Station
will need to be thoroughly investigated to update the
information provided in this report.

A detailed discussion of the three FY89 case study
results and conclusions are provided in Sections 6
through 8. The three FY89 case studies are:

1. Mars Expedition

2. Lunar Evolution

3. Mars Evolution

A complete mission description, including Earth to
Orbit, space transportation and lunar/Mars surface
systems descriptions, flight rates, mission manifests,
and required technologies is provided in Volumes 1
through 3 of this report.

Information on Space Station evolution growth
configurations, mass properties, hardware elements,

orbital support infrastructure, and vehicle processing
operations are provided for each case study where
applicable.

Section 9 covers the new technologies that will be
required to meet the specified case study mission
objectives while operating in a safe and efficient

Two areas of special interest are discussed in detail in
Section 10. The first deals with the interaction

between the point of orbital departure and the space
transfer vehicles departure trajectory. Of interest is
the possible modifications that could or would need

to be made in the Space Station's operating altitude
and reboost philosophy and their impact on (1) Earth
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to Orbit (ETO)deliverycapabilityand (2) Space

Station propellant requirements for attitude control
and orbital reboost. The second area of special
interest deals with Freedom structural dynamics
analysis results from the assessment of a Space
Station growth configuration with a manned Mars
class vehicle being assembled on it over an extended
period of time. The low frequency dynamic
characteristics of the Space Station and the
interaction with Freedom's attitude control system
are assessed. Also, a reboost scenario for the flexible

Space Station under active control is developed.

In Section 11 the potential operational benefits of a
LLO transportation node are discussed. Many of the
same reasons for having a habitable facility in LEO
apply in LLO including a fuel storage and transfer
capability and crew safe haven in the event of an

emergency.

Section 12 provides a brief summary for the FY89 case
study activity including a discussion of issues which
need further investigation.

The key findings of this report are:

. Space Station Freedom as baselined in the
/anuary 1989 timdrame is properly designed
and scarred to evolve to a transportation node,

2, Without the use of a Heavy Lift Launch
Vehicle (HLLV) to decrease the number of

assembly flights, Space Station Freedom will

not be able to grow in a _ enough manner

to support various exploration mission
objectives. Objectives that may not be obtained
are life science research into extended crew

stay times in a micro-gravity environment and
vehicle assembly for the Mars Evolution case
study, and vehicle processing for the Lunar
Evolution case study.

e A preliminary assessment of a co-orbiting
assembly fixture for the Mars Evolution case

study indicates that such a facility could be
used to construct a Mars Transfer Vehicle

(MTV), but a detailed technical, operational
and cost assessment would be required to
validate this initial work.

. Preliminary analysis also indicates that lunar
and Mars vehicle processing can be conducted
on-orbit. Further study of the use of
automation and robotics to replace EVA
activities and increase crew safety is required,
along with additional definition of on-orbit

crew task requirements.

e Finally, advanced technologies for transfer and
long-term storage of cryogenic fluids on-orbit,
and in-space vehicle processing are required to
support the exploration missions.

A numl_ of Appendices are provided with
additional details on orbital processing activities
and required resources for both lunar class and Mars
class space transfer vehicles.
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SECTION2

Role of the Node

Integration Agent

2.1 _u_on

Within the Office of Exploration (OEXP)
organizational structure, shown in figure 2.1-1, there

are three Integration Agents (IAs), who, in response
to the Mission Analysis and Systems Engineenng
(MASE) group, perform implementation and systems
analyses in conformance with specified case study
requirements. (References 2.1-1 and 2.1-2) It is the
responsibility of each IA to form a team of
organizations, from both inside various NASA centers

and outside support contractors, to assess these case
study requirements. Each IA and their teams perform
the following three top level tasks:

a. Prepare a management plan.

b. Integrate the efforts of cross-cutting
activities such as technology
requirements and special assessments.

c. Interact with the other IAs as necessary
to coordinate activities and progress.

2.2 Node Integration Agent Role

Specifically, the Node Integration Agent is
responsible to MASE for the following:

a° Develop and recommend habitation
requirements on Space Station Freedom
(SSF) for vehicle assembly / servicing
crew, exploration research development
crew, and transient mission crew.

b° Develop and recommend the requirements
for SSF to support the development of
exploration space transportation vehicle
and Mars/lunar base technologies.

C. Develop and recommend the requirements
for SSF to support the verification and
flight testing of systems to be used on
exploration space transportation vehicles
and Mars/lunar bases.

d. Develop and recommend the requirements
to support processing operations such as:

(1) Vehicle mating and assembly.
(2) Vehicle servicing and

refurbishment.
(3) Element construction.
(4) Checkout and verification.

(5) Payload servicing.
(6) Propellant storage, transfer, and

exchange.

e. Provide point design conceptual
implementation of the technical
requirements for non-SSF based

transportation node functions including:

(1) Engineering description and
characterization of vehicles and

systems.

(2) Sizing partials with respect to key
parameters at interfaces with other
implementation areas.

(3) Development program schedule.
(4) Technology needs in terms of

performance, level of maturity, and
date required.

(5) Concept for vehicle operations.
(6) Justification for use of specific

technologies quantified in terms of
leverage or payback.

To accomplish the cited tasks, the Node IA met

several times during the study period with the other
IAs, the Special Assessment Agents and with MASE
to exchange data and update the MASE controlled
Study Requirements Document (SRD) (Reference 2.2-
1). The SRD used to derive the results addressed in

this study was first published on March 3, 1989 with
subsequent major changes made in July, 1989 at an
OEXP Working Group Week. The major revisions
that occurred in the SRD in July dealt with the Lunar
Evolution case study lunar transfer vehicle (LTV)
flight rate and the storage of propellants on Space
Station Freedom.
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SECTION3

Role of the Office of Space Station (OSS)
in Manned Exploration

3.1 Policy

The Strategic Plans and Programs Division (SPPD)
within the OSS (Code S) is responsible for all
planning and programs associated with evolution of
Space Station Freedom beyond the baseline
configuration so as to acco_ate changes in
national priorities, user needs, and technologies.
This responsibility follows from the Presidential
directive on National Space Policy of February 11,
1988, which states that the "Space station will
allow evolution in keeping with the needs of station
users and the long-term goals of the United States."

Using the requirements specified in the OEXP Study
Requirements _t (SRD) for Space Station
Freedom, OSS has assessed theimpacts to the Space

Station Freedom program of supporting the three
individual case studies for 1989. Detailed

assessments of the implications of supporting each
case study and implementation plans required to
acconunodate the various Space Transfer Vehicles
(STV's), Orbital Support Equipment, payloads, and
additional support infrastructure are discussed in
subsequent sections to the depth feasible at this time.
In general terms, preliminary approaches for
implementing the exploration requirements include
derivation of infrastructure concepts, and formal
growth requirements to be levied on the baseline
station. Additionally, a small-scale advanced

development program has been established. Equally
as important, the long-range planning mechanisms
are in place to ensure that the Space Station has the
ability to co-evolve with the overall space
infrastructure necessary to support manned
exploration beyond Earth's boundaries over the next
30 years.

3.2 Responsibilities

Activities for Space Station Freedom evolution

planning and advanced development fall within the
Transition Definition program in OSS. There are two
elements to this program: (1) system studies and
analysis and (2) advanced development.

Responsibility for overall program management of
the Transition Definition program resides in SPPD
(level I), apart from the level II Space Station
Freedom Program Office (SSFPO) at Reston,
Virginia. This division of responsibility allows for

visibility of evolution policy and a thorough and
independent analysis of the requirements posed on
station systems by long-range missions. The SPPD is
responsible for establishing the top-level evolution
requirements and for codifying them in the Program
Requirements Document (PRD). Level 11retains

cognizance over the actual design and development of
baseline station evolution provisions.

The Evolution Definition Office (EDO) at the

Langley Research Center (LaRC) is the engineering

organization of level I Space Station for pre-phase-A
activities related to system studies and analysis.
The EDO is responsible for technical integration
with level !I concerning evolution issues. The head of
the EDO serves as the chairman of the NASA-wide

Evolution Working Group (EWG) which provides
intra-Agency communication and coordination for

evolution planning. Another key requirement for this

group is to interface with the NASA work-packages
(level lid centers regarding evolution matters. The
actual systems studies, technical trades and analyses
are performed at the various centers.

3.3 Program Objectives

The overarching goal of the Transition Definition

element of the Space Station Freedom program is to
pursue those activities necessary to define and

prepare for Space Station evolution in keeping with
the needs of users and long-term national goals. The
overall objectives of the Transition Definition
program are:

a. To define station evolution configurations

consistent with user requirementsand program
constraints

b. To define and incorporate baseline design
accommodations (hardware "scars" and

software "hooks') to satisfy evolution
requirements
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C. To develop advanced technology that ensures
technology readiness to enhance station
capabilities and to enable station evolution

3.4 Progrm Stratqy

The strategy chosen to implement the objectives
relies on understanding future space options and the

implications of these on today's decis/ons. The
challenge to _ for Space Station Freedom
evolution is to understand the probable evolution
paths and the correspondin 8 infiastn._-ture ol_ions to
the extent that current resources can be wisely
allocated to the emblir_ design provisions (hooks
and scars) and to the appropriate advanced
development efforts. Thorough understanding of the
forces and consmdn_ requires close COUl_ _ of
evolution mission _ts, space and ground
infrastructure planmng, technology development, and
external policy imperatives.

The challenge to provide for Space Station Freedom
evolution takes the form of keeping the options open
to support future missions. Therefore, planning for
evolution is necessarily conducted in parallel with
the design and development of the baseline station.
The aim is to preserve all dimem/om of Space
Station Freedom evolution: technology improvements

/ obsolescence avoidance; expansion of
capabilities; addition of new functional capabilities.
To that end, the Transition Definition program
develops the transportation node reference evolution
configurations in response to each OEXP case study,
and the associated engineering data required to
support the baseline preliminary design process. To
ensure the design is capable of evolution, evolution
design requirements are developed and advocated in
program documentation and assessments are made of
the evolutionary capability of baseline system
desi_,

Further, advanced development activities will be
focused according to technology needs identified by
evolution studies and analys/s. Current emphasis is
on maturing applications with a high payoff in
enhanced efficiency and productivity. This includes
technology developments in advanced automation for
on-orbit systems control, ground operations support,
Space Station information systems capabilities, and
advanced artificial intelligence software tools. In
the area of robotics, work is ongoing in telerobotic
system integration and advanced comtruction
techniques. Separate wccking groups exist in sysiems
autonomy and telerobotics to aid the SPPD in
planning and executing the advanced development
pcograra.
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SECTION 4

Space Station Freedom Transition
Definition Program Support

The Transition Definition program has formulated
preliminary plans to satisfy eventual accommodation
of exploration missions at Space Station. These
plans address technical performance levels, schedule
milestones, and budget requirements. Technical

emphases will be on refinement of evolution concepts,
definition and incorporation of baseline design
accommodations, and development of technology
readiness to enhance the baseline and enable

evolution of the facility. The study plans are
designed to answer questions that are fundamental to
developing the station to serve as a transportation
node.

4.1 Evolution Resource Requirements

The effort needed to support the Lunar and Mars

Evolution case studies shows that Space Station
Freedom must provide increased resources and
capabilities. This expansion includes such basic
resources as crew, power, interior volume, and exterior

work space. The plan for accoman_ating the case
studies called for using the requirements specified in
the OEXP SRD to establish evolutionary Freedom
resource and facility requirements. These

requirements were initially submitted as part of the
baseline Preliminary Requirements Review (PRR)
that was held in May and June of 1988. The growth
requirements for Space Station as a transportation
node are presently being refined. When finalized,
they will be combined with the Multidisciplinary
Research and Development reference configuration
growth requirements to define the set of composite
evolution growth requirements. This composite set of
growth requirements will then be submitted to the
Space Station Freedom Preliminary Design Review
(PDR) for approval by the middle of 1990. The
specific resource requirements for each case study are
discussed in their respective case study sections. The
ability to evolve to these levels of capabilities
preserves the option to accommodate, at a top level of
functionality, the OEXP case studies which require

Space Station Freedom as a part of the overall
infrastructure.

4.2 Baseline Design A_ommodations

"Space Station Evolution- A Technical and

Management Plan" embodies the policy for Freedom
evolution activities. As part of the planning function,
the document discusses the self-imposed constraints
on future infrastructure capability of not including
provisions (hooks and scars) to enable evolution in

the original design. Without derived engineering
requirements on the systems and elements, the design
will fail to provide the evolution performance levels.
Thus, the baseline documentation does specify the
transverse boom length and truss bay sizing necessary
to add structure ensuring that the station can add the
modules and growth facilities or hangars needed for

vehicle processing and large structure assembly.
Initially, the rotating alpha joints and radiator

joints, located just inboard of the solar panels, must be
sized at levels exceeding the initial power and
thermal requirements. The on-orbit expense and
operational complexity of changing out these units
merit initial sizing to handle growth. Similarly,
sizing scars are slated for the power and thermal
distribution systems to preclude costly on-orbit
modifications. After further analysis, design
requirements will be levied on the data management
system so that future missions do not suffer from
impaired command and control.

4.3 Schedule and Milestones

The milestone chart in figure 4.3-1 forms the basis of
Transition Definition planning. The chart reflects
the fact that the Transition Definition program is
the bridge between ongoing NASA planning and
technology development programs and the Space
Station Freedom development program. All the
evolution milestones for the next three years are tied
to the baseline program milestones.
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The added functional capabilities required of a
transportation node mean that the additional
baseline design provisions must be identified to
enhance and enable evolution. In this instance,

evolution from the baseline can occur on orbit through
the addition of new hardware and/or the insertion of

improved technology. The baseline PDR is
realistically the last opportunity to impact the
design of Space Station Freedom; therefore, system
impacts must be well understood by the time it occurs.

Any additions or changes made after PDR and before
the Critical Design Review (CDR) will most likely
result in additional program costs and potential
hardware element delays. The PDR is distributed
over nearly a year's time, with some systems PDR's
(i.e., DMS) beginning in December of 1989 with the
Space Station PDR starting in mid 1990. The
following are important areas of effort that the
Transition Definition program is presently analyzing
in order to identify evolution performance levels and
design acconunodation requirements:

a. Logistic systems evolution
b. Space Transfer Vehicle accommodation

c. On-orbit assembly/servicing

d. Advanced robotics for in-space vehicle processing
e. Advanced automation for in-space vehicle

processing

L On-orbit fluid transfer and management
g. Accommodation of nuclear systems in a Nuclear

Safe Orbit (NSO)

h. Orbital departure strategy from Low Earth Orbit

i. Separate tasks to define the impacts on each of
Space Station Freedom's major distributed
systems including:.

(1) Data Management System (DMS)
(2) Guidance, Navigation and Control system

(GN&C)

(3) Thermal Control System (1X_)
(4) Communications and Tracking system

(C&T)

(5) Environmental Control and Life Support
System (ECLSS)

(6) Propulsion system
(7) Electrical Power System (EPS)
(8) Fluid Management System (FMS)
(9) Extravehicular Activity system (EVA)

The integrated results from these analyses will
permit assessment of the unique requirements in each
of the applicable case studies under review.

1"he Transition Definition program will continue to

refine reference evolution concepts in anticipation of a
review and decision on an exploration mission by the
US. Government in the 1991 time frame. Pre-phase A
work will be performed on several concepts until 1991,
at which time phase A studies must begin to

determine concept feasibility and preliminary cost
estimates on one or two candidate configurations. As
part of the pre-phase A's, OSS and OSSA will
jointly study concepts for a man-rated artificial

gravity facility located either on, or co-orbiting with
Space Station Freedom.

Initial concepts represent time-phased sets of
functional capabilities, system performance, and
resources that are viable means of case study
accommodation. The concepts are derived by
performing systems and operations analyses on the
requirements specified in the OEXP SRD. Results of

these analyses will provide the following Space
Station data:

a. Physical characteristics by accommodation
option

b. Operational characteristics, including
(1) Vehicle processing time lines

(2) Vehicle processing resources (power, orbital
support equipment, etc.)

(3) Vehicle processing crew skill mix
(4) Vehicle departure windows and orbital

considerations

(5) Payload processing and storage
requirements

c. Precursor research and technology
development/demonstration requirements

d. Configuration flight control analysis
e. Confgurafion structural analysis
f. Configuration orbital lifetime and reboost

analysis

g. Logistics and cargo-carrying requirements
h. Provisions (hooks and scars) on the baseline

Space Station
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SECTION5

Space Station Freedom
Technical Overview

5.1 Space Station Freedom

The Space StationFreedom initialconfiguration

(PhaseI)willbe used as a re,arch facilityforthe
lifescienceresearchrequiredtoestablishthe

capabilitiesforlongdurationmanned missionsand as

a platform on which to build the facilities necessary
to use SSF as a transportation node for lunar/Mars
missions. The elements and systems of the Phase I

station are described in the following paragraphs.
(Reference 5.1-1)

It is important to note that the Space Station

rephasing activities initiated in the July, 1989
timeframe played no part in the FY89 analysis effort.

The Space Station, shown in figure 5.1-1, consists of
several elements and systems as follows:

Inte_ated Truss Assembly

The Integrated Truss Assembly for the Space Station
is the structural framework of tubular beams and
columns which provide the core or base of the station.

It has provisions for mounting and attaching modules,

logisticscarriers,externalexperiments,solarpower

arrays, and Earth and astronomical viewing
instruments. The truss also provides corridors and

distributed systems for crew and equipment
movement. The transverse boom, including solar
arrays at each end, measures 508 feet. The center
section of 360 feet consists of a series of 5 meter cubic

bays to secure the station elements and systems.

U.S.Laboratorymodulp

The US. Laboratorymodule isa pressurizedcylinder,
44 feetlongand 14 feetindiameter,locatedbelow the

European Japanese
Columbw Experiment

Module Module

\ /

/ -Habitation
Module

U.S.

Laboratory Resource
Module Nodes

Z

Figure 5.1-1. Space Station Freedom Assembly Complete.
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lowersurfaceof thetransverseboomand attached

perpendicular and just to the right of center on the
boom. The lab provides a shirt-sleeve environment
for crew to do research and experimentation. The lab
is pressurized to a sea level pressure (14.7 psi) and is
able to accommodate up to 28 double racks of
payloads and payload support equipment located
along the wails of the module. The U.S. Laboratory
Module uses a common design that is the prime
building block for all the pressurized modules for
both the initial station and the growth station.

Habit_ttion Module

The Habitation Module is an environmentally

protected enclosure inb.-mded for long duration crew
activity and habitation functions like eating,
sleeping,exercise,relaxation,medical activities,and
some work activities. The I-lab has internal audio
and video, data and information handling, and
utility distribution and control. Work stations in the
Hab module include those dedicated to station

operations, payload and experiment operations,
proximity operations, maintenance operations, and
crew health care. The Habitation Module is

designed to house eight crew members.

Logistics Carriers

Logisticselementsare cargocarriersattachedtothe
stationtrussortoa module. They aredesignedtobe

replacedwhen a new logisticsflightcomes tothe

station.The cargoconsistsofallresupplyitems

(consumables) and experiment instnnnents and
specimens. The Space Station requires two types of
carriers, pressurized and unpressurized, to transport
equipment and supplies to the station and to return
samples, experiment equipment and waste products.
Logistics carriers are designed to be flown in the
payload bay of the Space Shuttle Orbiter.

Resource Nodes

A resource node b a pressudz_ volume with
environmental control. Resource nodes are required to
interconnect the pressurized elements of the station.
These nodes house key controls for operations. There
are four nodes on the initial station, each about 17

feet long and 14 feet in diameter.

Node I is the spacecraft control center for both
unmanned flight and'man-tended operations. The
unpressurized logisticscarrierisattachedtonode I.

Node 2 provides spacecraft and station back-up
command and control workstations.

Node 3 will most likely become the primary
command and control center for the pressurized
modules and is expected to contain the control
mechanisms for the distributed systems, a control
station for proximity operations, and a back-up
control station for the Mobile Servicing System
(MSS).

Node 4 featuresacupola,designedforproximity

operationsand berthingof theSpace ShuttleOrbiter.

Thisnode alsoprovidetheprimary command and

controlsystemfortheMSS.

MpbileTransporterSystem and MobileServi¢_ng
Cent 

The MobileTransporter System (MT) providesthe

Canadian-suppliedMobile ServicingCenter(MSC)

withmobilityand alsoprovidesmovement of

equipment and suppliesindependentoftheMSC. The

MT moves alongrailson thetransverseboom. The MT

can generateitsown utilitiesand dataor itcan pass

through station-distributedutilitiesand data.
The MSC willconsistofabasestructuremounted on

the MY, a Remote Manipulator System (RMS), an
Astronaut Positioning system (APS), and a Special
Purpose Dextrous Manipulator (SPDM).

Flight Telerobotic Servicer

The Flight Telerobotic Servicer (FTS) is a telerobotic
device capable of precise manipulations in space. It
will operate with a mix of direct teleoperation and
supervisory control by crew members. The FTS will be
used to assist in assembly of the initial station, in
adding growth elements, and in servicing both users
and station equipment.

5.2 Space Station Distributed Systems

EnvironmentalControland LifeSupportSystem
 ECLSS)

The ECLSS is built into each of the U.S. modules,

nodes and in the pressurized logistics carrier. The
ECLSS consists of seven subsystems for; temperature
and humidity control, atmosphere control and supply,
atmosphere revitalization, water recovery and
management, fire detection and suppression, waste
management, and extravehicular activity support.
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TheECLSSis a closed-loop life support system.
Waste water is collected form both liquids and air

and recycled through the ECLSS to produce potable
water. Carbon dioxide is collected and processed by

the Bosch method to produce potable water and
carbon. The only vital element that must be
resupplied is nitrogen.

Fluid Management System

The Fluid Management System (FMS) handles the
distribution of nitrogen, water, and waste fluids
throughout the station. The FMS consists of three
subsystems: the Integrated Nitrogen System(INS)
used to resupply, transfer, store, condition, distribute,
control, and monitor nitrogen; the Integrated Water
System (IWS) which provides similar functions for
water; and the Integrated Water Fluid System
(IWFS) to accommodate gas mixtures and water.

Thermal Control System

The Thermal Control System (TCS) is an integrated
system which maintains structures, systems,
subsystems, equipment, and payloads within
required temperature ranges. Heat acquisition
devices will be used to collect waste heat from

habitation modules, labs, resource nodes, and

payload accommodation equipment. The heat is then

transported by means of a ammonia/water loop to a
radiator located on the transverse boom. The

radiator will, initially, be a 50 foot square which can
be "grown" in sections to provide thermal control for
growth stations. The external thermal system
provides cooling and heat rejection to control
temperatures of electronics and other space station
hardware located outside the modules and nodes.

Propulsion Assembly

The propulsion assembly provides the necessary
forces for maintaining station altitude, avoiding
collisions, and providing backup attitude control.
The propulsion assembly will provide thrust for
orbital maintenance and 3-axis thrust for attitude
stabilization and reorientation. Three-axis thrust

will be used to desaturate the Control Moment Gyros
which are the primary attitude actuators of the
stabilization and control system.

The propulsion assembly consists of four propulsion
modules, a tank farm, and a fuel distribution system.
Each module contains fuel tanks, plumbing and

valving, a fuel pump, and two types of jet actuators;

hot gas provides 25 to 40 pounds of thrust, and
resistojets provide 1 pound of thrust.

Communications and T_cking

The C,&T system provides for the transmission,
reception, multiplexing, distribution and signal
processing of telemetry, commends, user data, science
data, computer data, and tracking data. C&T also

provides for the raising, lowering and pointing of
antennae on the station. C&T is comprised of six
subsystems; space to space, space to ground, audio,
video, tracking, and control and monitoring.

Guidance. Navieation and Control

The Guidance, Navigation and Control (GN&C)
controls the station orbit and controls the traffic

around the station. The GN&C, operated by sensors,
star trackers and gyros, will signal the propulsion
assembly for a station reboost when the orbit decays
to a point where one is required. The system also
provides the pivoting of the solar arrays and
thermal radiator on the transverse boom to maximize

the capture of the solar rays.

The GN&C controls all incoming, outgoing, and
station keeping traffic. In addition, it controls
berthing and docking operations for the orbiter.
Finally, the GN&C monitors the trajectories of
vehicles and objects that may intersect the orbit of
the station such as orbital debris.

Data Management System

The Data Management System (DMS) has two main
functions. First, the DMS includes all the hardware

and software necessary for data processing and local
communications among the onboard elements,

subsystems and payloads. Second, the DMS provides
an interface between human and machine for the

operation and control of the Space Station.

The DMS provides database access, command and

control, data transmission, data processing and
handling, and human/computer interfaces. It enables
users and subsystems to initiate on-line capabilities
such as command generation, data handling,
graphics, health monitoring, planning, scheduling
and training activities, display of performance and
trend data, and monitoring of interfaced payloads.

The DMS provides a family of compatible computers
ranging from a single board computer suitable for use
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asanembeddedcontroller,toa general purpose
processor suitable for hosting system application
software.

ElectricalPower System

The Electrical Power System (EPS) provides all user

and housekeeping electrical power and is capable of
expansion as the station grows. The initial power
system is photovoltaic (PV) with growth provided
by adding solar dynamics to provide a hybrid
system. In the initial PV system, Nickel Hydrogen
batteries store DC power generated by the solar
panels. The IX: power is converted to AC for primary
distribution. The EPS provides 20 kHz, 208 volts,
single phase sine wave, utility grade power to Space
Station systems. The power is then converted to 129
volt DC and distributed to users. In the initial PV

system, power is provided by eight flexible,
deployable solar array wings. Each 32 by 108 foot
wing consists of two blanket assemblies covered with
solar cells. The entire wing will be tied structurally
to the transverse boom by means of a beta gimbal
assembly.

The growth power systems are solar dynamics which
use solar radiation to heat a working fluid in a closed
loop. The fluid transfers work to a turbine which
drives an alternator, converting thermal energy to
electrical energy. Heat is added to the fluid in a
heat receiver which absorbs focused solar radiation

from a sun-tracking concentrator with a reflective
surface. The receiver and concentrator are oversized

to allow excess thermal energy to be stored in a

melting salt at the heat of fusion when the system is
in the sun. During solar eclipse, some of the salt
solidifies, releasing heat to the working fluid to
power the turbine. The Brayton Cycle engine was
selected to be used for the generation of power.

Power Management and Distribution System

The Power Management and DistributionSystem

(PMAD) isbased on rapidsemiconductorswitching,

low storedreactiveenergy,and cycleby cyclecontrol

ofenergy flow which allowsthetailoringofvoltage

levels.The overalldistributionequipment will
includecables,loadconverters,transformers,

regulators, switches and other standard electrical
equipment.

Utility Distribution System

A rollout utility tray will be used as the primary
system for utility distribution. This concept
minimizes EVA installation time, the number of

joints, and fluid connector leakage potential. The
trays are preintegrated with power cables and heat
re_'tion and transport lines and are snapped into
support fittings every 16.4 feet. Connections are made
at distribution points.

The EVA system enables crew members to assemble,

maintain, repair, inspect, and service the station and
user systems. These systems include the
extravehicular mobility unit (EMU), associated life

support equipment and other equipraent. The EMU
includes communication systems, physiological
monitoring equipment and an autonomous life support
system. EVA systems also include mobility aids such
as handrails, slide mechanisms, tethers, lighting,
tools, and other support equipment.

taannaa..   m

The Manned Systems for the habitation and

laboratory modules consist of crew quarters
constraints and mobility aids, health care,
operational and personal equipment, portable
emergency provisions, workstations, galley food
management, personal hygiene facilities, lighting,
wardroom, stowage, and housekeeping/l_'ash
management equipment. The manned systems utilize

a group of modular elements or "functional units"
which enable partial or entire systems to be removed,
replaced and relocated.

Mechanical System

The mechanical system consists of the solar alpha
rotary joint, the thermal radiator rotary joint,
umbilical mechanisms, and special end-effectors for
construction, assembly, maintenance, and repair.
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SECTION 6

Case Study 2.1 -
Mars Expedition Accommodation

6.1 Case Study Requirements 6.2 Time-Phased Space Station Freedom Growth

To understand the relationship and interaction
between Space Station Freedom and the other OEXP
program elements (e.g. ETO vehides, STV's,

propellant storage/transfer methods) the utilization
of Freedom was intentionally varied from case study

to case study, from heavy involvement, such as space-
basing and processing of STV's, to minimal life science
support. That being the intent, the Mars Expedition
case study requirements on the Space Station where
limited to providing (1) the capability to qualify life

support systems for long duration flights, and (2)
...access to its (Freedom's) existing capabilities
provided the Mars Expedition requirements are
compatible with Space Station Freedom
accommodation and utilization plans and
commitments. Based on these limited reouirements.

on overview of a Multidisciplinary Research and

Development (R&D) evolutionary_ growth
¢gnfiguration is orovided to illustrate the most likelu
liff science growth path of Freedom if no major

cxplgr_stionclassmissionreauirementsareleviedon

theSpace StationFreedom Prom'am.
(Reference6.1-I)

As an Earth-orbiting, R&D facility, Space Station
Freedom will provide the diverse user communities of
the United States and its international partners
access to pressurized facilities, external payload
attach points, crew time, electrical power and other
essential resources in support of their scientific
research, technology development and commercial
endeavors. Since this facility will operate on orbit
for an indefinite lifetime, its design must be

evolutionary to accommodate a dynamic user
environment over many years. While the specifics of
these out-year missions are not, in most cases, well

understood, it is clear that user demands for Space
Station resources and services will increase soon after

the initial assembly phase is complete. In order to
formulate an initial set of evolutionary user resource
requirements ten scenarios, as listed in table 6.2-I,
were developed that determine the manner in which
the Space Station would evolve as an R&D Facility.

TABLE 6.2-L - SPACE STATION FREEDOM R&D EVOLUTION SCENARIOS

S_nario Utilization Emphasis Transportation Support

1 Microgravity Research Aggressive

2 Microgravity Research & 5 NSTS/year only
Materials Production

Mlcrogravity Research &
Materials Production

Microgravity Research &
Materials Production

Life Sciences Research

Life Sciences Research

Life Sciences Research

Observational Science

Observational Science

Observational Science

3 Moderate

4 Aggressive

5 5 NSTS/year only

6 Moderate

7 AKgressive

8 S NSTS/year only

9 Moderate

10 A88_ssive
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TABLE 6_-IL - RECOMMENDED SPACE STATION FREEDOM MULTIDISCI]PUNARY
I_D GROWTH RESOURCE RF_UIRI_[ENTS

Power
Average
Peak

Crew

Pressurized Modules
US Habitation

US Laboratory

ESA Laboratory

JEM Laboratory

Pocket Laboratory
Resource Nodes

Dual Keel

Servidng Facility

Power Modules

r.mdsm_
APAE

_w.ation points for APAE

Tether Payloads

C_t ]R_,nmmen_LsHnn

275 kW

NA

24

3

3

1

1

4

8

Scar for distribuled systems

Scar for facility and distributed systems

Scar for addition of power modules at boom ends

18

TBD

2

A scenario, for this analysis, is defined by a set of
missions consistent with a particular activity
emphasis (e.g. life science, micro-gravity research,
etc.) on Freedom, and a level of transportation

support from Earth to Space Station orbit. Growth
resource requirements (e.g., power, crew, volume) were
determined for eachscenarioconstrained by lift

capability. The results of this effort were combined
with other systems studies in the process of
identifyinga setof adequate and realistic

requirements for Space Station evolution as shown in
table 6.2-11.

The selected requirements and supporting rationale
were presented and advocated by the EDO at the
Space StationFreedom Program (SSFP)PRR, and are
beingupdated for submittaltoSSFP PDR nextyear.

The time-phased Space Station Freedom growth
augmentations, or growth deltas, are shown in table
6.2-III. These growth deltas reflect major
incremental increases in various resources including

power, habitat volume, truss attach points, etc. The

philosophy for the determination of the first four
growth deltas is discussed below under the early
augmentation analysis results. The growth deltas do
not reflect the actual manifesting of hardware on a

flight-by-flight basis, but as figure 6.2-1 shows, the
time-phasing of the possible growth increments is
directly related to the amount of transportation
support that Space Station receives after assembly is
completed. Figure 6.2-1 illustrates the time-phased

growth of Freedom to ten years after assembly has
been completed assuming two different
transportation models. The first line assumes a
moderate transportation model that represents a

build up to 6 NSTS flights per year supplemented
with the equivalent of 3 NSTS flights worth of
expendable launch vehicles. The second line uses an
aggressive transportation model that assumes a build
up to 8 NSTS flights per year supplemented with the
equivalent of 5 NSTS flights worth of expendable
launch vehicles. Since the SRD outlines initial LEO

Mars Cargo Vehicle (MCV) assembly and processing
operations beginning in early 2001, and assuming

Space Station Freedom assembly complete in 1998,
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TABLE6.2-111.-TIME-FHASEDSPACESTATION GROWTH DELTAS

AI (2 - 25 kW) Solar Dynamic Modules; (2} 25 meter Transverse Boom Extensions; Space Based OMV
& Space Based OMV accommodations

Upper/Lower Keels & Booms

&3 (1) Habitat Module; (2} Resource Nodes

(2 - 25 kW) Solar Dynamic Modules; Servicing Facility Phase 1

&5 (1} Large Pocket Lab; (1) Lab Module; (2) Resource Nodes; Servicing Facility Phase 2

A6 STV/STV Hanger;, Assembly Plafforn_ Phase 3 Servicing Facility (Completed CSF)

A7 (I) Lab Module; Back Porch (ff needed}; (1) Resource Node (if needed}

A8 (2 - 25 kW} Solar Dynamic Modules; (2) 25 meter Tmnsveme Boom Extensions

A9 (I) Habitat Module; (I} Resource Node (if needed}

AI0 (I) Small Pocket Lab

Al I (2 - 25 kW) Solar Dynamic Modules

AI2 (I) Large Pocket Lab

Increasing accommodation facilities for unpressurized storage will be required throughout growth and
particularly in Deltas I and 2. The extent of these facilities is in part dependent upon facilities present
at assembly complete and details are TBD.

Moderate

Transportation"

Aggressive
Transportation**

Time phasing of the growth deltas is dependent upon the amount of transportation
support to Space Station Freedom.

Station Operating Year
1 2 3 4 5 6 7 8 9 10

Baseline A1 A9 _3 A4 &5 A6ATAgA9AIOAI1A12
Assembly [ ]

* Moderate transportation support represents a build up to 6 NSTS flights per year
supplemented with the equivalent of 3 NSTS flights worth of expendable launch vehicles.

" Aggressive transportation support represents a build up to 8 NSTS flights per year

supplemented with the equivalent of 5 NSTS flights worth of expendable launch vehicles.

Figure 6.2-1. - Time-phased Space Station Freedom growth delta transportation options.
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Figure 6.2-2. - Final Space Station Freedom growth configuration (Delta 12).

figure 6.2-1 shows that regardless of which

transportation model is chosen, only a small amount
of growth beyond the baselined Space Station has
occurred. Fortunately, the Mars Piloted Veh/de

(MPV) does not depart until late 2002, allowing
additional life science research and development to
be accomplished on Freedom. In terms of directly
supporting assembly operations, Freedom evolves

early on to acconunodate an unmanned space-based

OMV which could rendezvous with an arriving
heavy lift launch vehicle to deliver and station-
keep payloads to a co-orbiting assembly location.
Additional analysis must be conducted to assess the
impacts to Freedom by interacting with the co-
orbiting assembly location, and the arriving HLLV's.
Hgure 6.2-2 shows the final growth version (delta 12)
of the multidisdplinary R&D reference
configuration.
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6.3 Early Augmentation of Space Station Freedom

Analysis of user requirements as presented in the
"Multilateral Utilization Study" and the LaRC
Evolution Mission Model show that the experimental

complement housed in the 3 Space Station laboratory
modules and attached to the truss would require 100
kW of power and a crew of 14 if operated at user
requested rates and capacity as shown in figure 6.3-1.
(Reference 6.3-1) Also, the analysis shows that the
available user crew of 6 is fully occupied at a user
power level of approximately 60 kW. Below 60 kW
to the user, the crew is underutilized; above 60 kW

additional crew is required. In the longer term (10 to
15 years after Assembly Complete(AC)), user needs
will require 200 double racks of pressurized volume,
150 kW of power and a user crew of 22 as shown in
figure 6.3-2.

Based on this analysis it was concluded that the first
augmentation, or growth delta, to Space Station
Freedom after AC should be the addition of electrical

power. As currently planned, power growth beyond
the baseline 75 kW photovoltaic system will be in

the form of 2, 25 kW solar dynamic power assemblies.

The second augmentation, the addition of the upper
and lower keels and booms, is done for two reasons.

120

First to provide additional needed locations for both
Earth viewing and deep space viewing attached
payloads. These attached payloads will include
both long term scientific experiments, as well as,
small and Rapid Response Payloads. The second
reason for adding the dual keels and booms is to

provide improved gravity gradient stabilization to
the Space Station to reduce the station's pitch Torque
Equilibrium Angle (TEA) to less than + 5 degrees from
local verfical/iocal horizontal (LVLH).

At this point a US habitat module and two resource
nodes are added to provide pressurized volume which

can house a crew of up to 16 on the Space Station.
However, the number of crew which could effectively
utilize the available laboratory equipment is
limited to approximately 10 or 12, because there is

not enough electrical power available to support all
of the Space Station housekeeping requirements and
user equipment needs.

The next early augmentation is the addition of 50 kW
of power and the emplacement of the first phase of
the Customer Servicing Facility (CSF). With the
addition of power, a full crew compliment of 16 can
now be utilized on orbit without adding further
hardware.

Upper and lower,
bands of,

14

80

User Crew

(hours/day)

4O

m

6_

Number of crew, nine hours/day
(No allocation for EDCO)

Current Allocation

20 40 60 80
Average User Power (KW)

I I
100 120

Figure 6.3-1. - Power-crew relationship from Multilateral Utilization Study
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14
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Multilateral
UtilizationStudy

0
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l l l l l

0 25 50 75 100 125 150

User Power IkW)

Figure 6.3-2. - Relationship between user power, pressurized volume, and crew
for early augmentation of Space Station Freedom.

6.4 Growth Module Pattern

In order to access the proper growth module pattern
for Freedom, eight basic discd_nators were
identified as listed in table 6.4-I. In addition the

following ground rules and assumptions were made:.

a. Two meter clearance maintained between phase 1
modules for EVA access

b. No growth in +x direction (along flight velocity
vector)in order to maintain Space Shuttle
approach corridor and cargo transfer operations

c. No growth below baseline modules on transverse
boom (+z) to maintain Space Shuttle approach
corridor

d. No ESA module "capping"
e. Growth to a dual keel configuration

The discriminators were then used with a Multi-

Attribute Utility Theory to determine which of

several possible growth module patterns was most
appropriate. The results Indicated that a growth
module pattern of eight, and specifically Option 2
shown in figure 6.2-2, was best, because it did not

require a modification of the current baseline as the
other options would. Of special note, is the fact that
regardless of option chosen, it is necessary to extend

the length of the cunsnt baseline resource node in
order to maintain the required 2 meters clearance
requirements for EVA crew access to repair external
module surfaces.

6.S Customer Servicing Facility (CSF) and Space
Transfer Veldde (STV) Accommodations

Two facilities that could be used for support of MCV
and MPV assembly and processing operations are the
CSF and a CSF derived STV processing facility. The
CSF is shown in figure 6.%1 and the STV hangar is
shown in figure 6.5-2. The functional similarities and
capabilities of the two facilities are listed in table
6.5-I. The CSF has been sized to acco_ate the on-

orbit servicing and refurbishment of various free-
flyers, such as the Hubble Space Telescope and the
Gamma Ray Observatory, that have been retrieved
and returned to Freedom using the OMV. The STV
facility has been sized to acco_ate a
Geostationary Orbit (GEO) class STV. While the
CSF has undergone both a phase A and phase B study

process, the STV facility represents a preliminary
design concepts only. Additional research and
analysis is required before the total impacts to
Freedom can be assessed.
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TABLE 6A-L - GROWTH MODULE PATTERN DISCRIMINATORS

Space Station Control

Mlcrogravity Environment

Viewing

Main Radiator Interference

Module Closure I Dual Egress

Structure I Ease of Assembly

Ability to Accommodate
Further Growth

Growth Mass

Measures of effet'tiveneu

TEA, CMG momenUnn storase requlre_enls
Roll masnltude to dump secular momentum

Highest mlcrogravity level in the US Lab module
TEA (affects microgravity gradient along the Space Station x-axis)

Stellar viewing from the JEM exposed facilities:

Percentage viewing blockase
Greatest field of view

Averase swath angle

Clearance between radiator wing and growth elements

Numb_ and length of lime with modules havin 8 less than
half closure (racetrack) or lack of dual egress (two ways out)

Number of modules along the transverse boom
Number of modules within MSC reach

Number of free and usable berthing ports on the final configuration

Total weight of growth elements {approximate measure of cost}

Service Track Assembly

(STA)
Payload Holding Fixture

Servicing Facility
Attached-_ I SlA ,..IL, Manipulator
Payload I I "_"UPA (SFM)

_ervicing Fadlity Storage
1A - 1 Full and I Half Sized Pallet

(concepts also include OMV + 2
propellant module storage)

lB - EVA entrance

- Avionics Support Panel
- SIA

2A & 3A - 1 Full and I Half Sized Pallet
2B & 3B - 1 Half Sized Pallet

Servidng Facility Door

FIrSAccomm(x_tions

SFM Translating Base

Station Interface Assembly
(SIA, shown stowed)

UPA Translating Base and
for EVA Tools

Universal

Payload
Adapter
(UPA)

f
Servidng Bay Radiation

Enclosure Windows

(SBE) Servidng Facility Door (typical of 12 per
+Y and - Y sides of

servicing facility)

Servidng Facility Major Components

Figure 6.5-1. - End of Srowth Customer Servtcin 8 FadHty configuration.
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__ Propellant tanks

_ (4AmDx 14n0

L-N Propel t

_ boiding fixture

CSF-derived service

_ track assembly
l'%1

OMV/ORU storage

Spare aeroshell storage
(hingeable)

Dedicatedmanipulator

translating base
(CSF-derived)

STV holding fixture and
translating base

STV Hanger - Front View STV Track Assembly Detail - Too View

]" STV l[olding /11

J" fixm Ill
 IUh ,:11 i tll shown>

i II I __ No

lU 1I`'---'_''

Aerosheli storage
(two orientations

STV tanking &
payload integration
fixture

_ljjljjiJi_llJlllill_

O

|
O
I
|
|
O
I
|

2-segmented STV
bay enclosure

STV Approach and Berthing - Side View STV Tankin_ - Side View

Figure 6.5-2. - Space Transfer Vehicle (STV) accommodation facility.

6.6 Mars Space Transfer Vehicle Departure
Analysis and Implications

Based on the case study requirements that Space
Station Freedom provide access to its facilities and

the specifications in the SRD that place the Mars
STV's in a Space Station orbit, an assessment has been
made to determine the following:

a. Relationship between Space Station/STV orbital
elements ( inclination, argument of periapsis,

longitude of ascending node, eccentridty, altitude)
and departure dates for various departure energies
utilizing a three burn departure technique

b. Relationship between Space Station/STV orbital
elements and departure window duration utilizing
a three burn departure technique

A detailed discussion of the assumptions, analyses,

and results is provided in section 10.1. Briefly stated,

preliminary results indicate that there are
advantages to utilizing a Space Station/STV reboost
strategy that results in an optimum set of orbital

elements. Also, the duration of the launch windows
can be small and varies widely requiring a detailed
assessment for each launch date under consideration.

6.7 Issues and Sunmta_

While the Multidisciplinary R&D evolutionary
Space Station discussed above may eventually grow
to provide support to a Mars Expedition mission, OSS
must work with the Office of Space Science and

Applications (OSSA) Life Sciences Division (Code
EB) to determine the specific requirements and
schedules necessary to support extended human
duration in a zero acceleration environment. Space
Station Freedom is currently being designed to evolve
to accommodate a variety of laboratory facilities and

capabilities, but a detailed assessment of extended
duration crew operations (EDCO) and Space Biology
Initiative (SBI) resource requirements must still be
conducted. Further, a detailed operational

assessment of assembly and processing operations
needs to be done to identify potential problems

beyond those which have been addressed.
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SECTION 7

Case Study 4.1-
Lunar Evolution

7.1 Case Study Requirements

Whereas the Mars Expedition case study required a
minimum of Freedom involvement, the SRD specifies
a major utilization of the Space Station's functional
capabilities and resources in the Lunar Evolution case

study. A detailed list of requirements is given in
table 7.1-I.

The nature of the requirements listed in the SRD will

directly impact the evolutionary growth planning of
the Space Station. A detailed assessment of various
growth concepts for both initial Lunar Evolution
mission objectives and manifests and advanced

mission requirements is provided in the following
sections

TABLE 7.14. LUNAR EVOLUTION CASE STUDY SPACE STATION FREEDOM SRD REQUIREMENTS

O

O

Provide capability to support advanced development systems for lunar base and space transportation.

Provide capability for housing transient mission crew, support crew, and mission equipment.

- Transient mission crew:. Pre-ex,perime.n.tal phase suppo_ mission crew of 4
(Outbound) r,.xpenmenuu phase ana veyona support mission crew of 8

- Transient mission crew:. Accommodate a crew of 8
(Inboxmd}

- Mission support _ Accommodate a support crew of 6, for 6 month tours of duty,
twice per year

- Missionequipment: Accommodate 5 metric tons of cargo

Provide Space basing accommodations to satisfy LEO traffic requirements for LTV's.

Provide the capability to store lunar mission equipment awaiting transport to the lunar system. In
addition SSF shall provide the capability for mission equipment:

- State of health mouitormg
- Assembly

Integration
Chei_k-out

- Preparation for transport by LTV
Otlier on-orbit processing, as required

o Provide capability to process space transfer vehicles on-orbit by supporting the following:
Vehicle mati/_g/assembly and demae]ng,/disassembly
Space Construction of elements of LTV's
Element- . and integrated vehicle on-orbit check-out
Maintenan_ and ser_i, cin_ of departed and returning lunar LTV's
vepm __ent ana rerneva_ or mnar LTV's
Ground communications with LTV's (while berthed?)

- Provide housekeeping resources and services to LTV's and nodes
Loading and unloklh_ of mission equipment from LTWs and/or ETO vehicles

(Maximum vehicle processing time is currently 4 months.)
o Provide the capability to support on-orbit supply and resupply of:.

- Life support system fluids
- Carr3o_enic and storable propellants
- M/ssion equipment

This includes providm 8 for:.
- Fluid storage

Determination of fluid quantities
Fluid transfer interface capability

- Operational control
o Provide debris protection for LTV's and mission equipment while resident at SSF.
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TABLE7.2-L- LUNAR EVOLUTION CASE STUDY- SPACE STATION FREEDOM GROWTH DELTAS

A1 (2 - 25 kW) Solar Dynamic Modules; (2) 25 meter Transverse Boom F.xlmmlmm;

Space Based OMV & Space Based OMV accommodatimm

A2 Upper/Lower Keels & Booms; Utility Trays

A3 (1) Habitat Module; (2) Resource Nodes

&4 (2 - 25 kW) Solar Dynamic Modules; Customer Servicing Facility Phase 1

A_ Customer Servicing FacUlty Phase 2

A6 Phase I LTV Proce_in 8 FadliW; Phase $ Servicing Facility (Completed CSF); (1) MSC;
Shuttle-C Docking Adapter

A? Additional Lower Keel and Boom Truss Structure; Utility Trays

AS Phase 2 LTV Processing Facility (LTV Processing Facility complete)

Space Station
Freedom

90 91 92 93 94 95 96 97 98 99 00 Ol 02 03 04 05

PDR FEL MTC AC

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05

I I I I I I I I I I I I I I II I
Space Station ' I I A I I A I I I I I A I I A I I A

Freedom Evolution r////////////////A _ {_{

Initial Growth Conf. Operational ]

(Support Vehicle Hight Testing) [

9O

Long-term Cryo
Storage
(If Lunar Hight Rate
> ETO Hight Rate)

91 92 93 94 95 96 97 98 99

Final Delta Growth Conf. Operational
(Support Vehicle Operations)

00 01 O2 03 04 O5

_ V/////////////i I I I I I_ ]

Initial Growth Final Growth

Phase B Conf. Operational Conf. Operational
Phase C/D

Assembly and Check-out of Initial Growth Configuration

Assembly and Check-out of Final Growth Configuration

Figure 7.2-L - Lunar Evolution Case Study programmatic schedule.

7.2 Time-Phased Space Station Freedom Growth

As a result of the growth configuration analysis
detailed below in section 7.3, the time-phased

evolution of the Space Station has been determined to
be as shown in table 7.2-I. The growth has been

divided into two major phases that correspond with

the evolutionary nature of the case study. The first
phase of evolution, Initial Growth, represented by
growth deltas I through 6, is capable of

accommodating the first several expendable Lunar
Transfer Vehicle (LTV) flights.
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TABLE7-_-II.- LUNAR EVOLUTION CASE STUDY- SPACE STATION FREEDOM

RESOURCE REQUIREMENTS

   xjSammm 
Power:.

Crew

Pressurized
Modules:

Average
Peak

US Habitation
US Laboratory
ESA Laboratory
JEM Laboratory
Pocket Laborafory
Resource Nodes

J m.wa a. .0am
Dual Keel
positing Facility

wet MOOUles

APAE
_Loc:ationpgints for APAE
Tether Payloads

Cun'enl Recommendation

175 kW
NA

18

2
1
1
1
0
6

Scar for distributed systems
Scar for faci!!ty and distributed systems
Scar mr anaiuon or power moomes at boom ends

18
TBD

2

l-rr

Lunar Evolution

Configuration 3
Manifest

Using Space Shuttle

Lunar Evolution

Configuration 3
Manifest

Using Shuttle-C

Volume

Mass

Volume

1 2 3 4 5 6 7 8 9

00000000

000000000

oooooo mum
• - Greater than 90% of available launch vehicle mass/volume utilized for cargo delivery

C) - Less than 90% of available launch vehicle mass/volume utilized for cargo delivery

Figure 7.2-2. - Earth to orbit manifest options for Space Station Freedom Lunar Evolution Case Study
growthhardware.

The second phase, Final Growth, is established once
the set of reusable LTV's are brought online. An
increase in functional capabilities and resources

requirements will be required to store and process both
the LTV's and their payloads. A further discussion

of the operations, facilities, and resources required to
accommodate the lunar mission elements (e.g., LTV's,

payloads, mission crew, etc.) is provided in the
following sections.

The programmatic schedule for Freedom evolution

and other potential infrastructure is provided in
figure 7.2-1. Table 7.2-II shows the current resource

requirement recommendations to the PDR.

As was the case in the Mars Expedition case study,
the growth rate is a direct function of the ETO lift
capability that is available. Figure 7.2-1, shows

when the the two evolution phases must begin in
order to meet the stated mission objectives.
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Figure 7.3-1. - Candidate evolution configuration option I - Lunar vehicle accommodation
for LTV verification.

In addition, a top-level assessment of the manifesting
of ETO launches required to achieve the final growth
delta is shown in figure 7.2-2, for both an Advanced
Solid Rocket Motor (ASRM) enhanced Space Shuttle
launch system (22 t to 407 kn0, and an expendable
Shuttle-(: launch vehicle (40 t to 407 fun). As

anticipated, a greater number of Space Shuttle flight
is required to launch the Freedom growth hardware
than would be required if a Shuttle-(: hunch vehicle
was used. However in this preliminary study, the
Shuttle-(: configuration chosen was under utilized in
its available launch mass capability for a majority of
launches. This result indicates that a detailed

assessment of the design and manifesting of an
alternative ETO launch system to the Space Shuttle

is required to optimize ETO Space Station Freedom
hardware launches.

7.3 C_-o_ ConfigurationAnalysis

Candidate evolution configuration options I, 2 and 3,
shown in figures 7.3-I, 7.3-2, and 7.3-3, were
analyzed using the ten discriminators listed in table
7.3-I. The discriminators with the greatest
we/ghting factor were the controllability,
operability, and the static micro-gravity
environment for each option. It is desirable to have
an evolution Space Station that would serve
primarily as a transportation node, and yet provide a
quiescent research and development environment
when no major vehicle processing activities are
occurring. To this end, configurations were sought
which would provide all of the functional
capabilities of i transportation node (LTV processing,
propellant storage and transfer, payload

acconunodation, etc.), minimize operational impacts
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Figure 7.3-2. - Candidate evolution configuration option 2 - Lunar vehicle
accommodation with two hangars.

on Freedom (controllability, reboost propellant, crew
time, etc.) and still provide a suitable microgravity
environment.

In order to determine which configuration(s) would be
most suitable for each phase of evolution, computer
models were generated and the following analyses
were conducted on each configuration:

a. Mass properties determination including, center
of mass and moments of inertia

b. Open-loop control system sizing including secular
and cycl/c momentum determination and torque
equilibrium angle CTEA) determination

c. Closed-loop control system sizing including
secular and cyclic momentum determination and
TEA determination

d. Microgravity envelope calculation
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SOLAR DYNAMIC
POWER

NSTS _ MASlN

_i Node
Extended Node

• XUlock

Figure 7.3-3. - Candidate evolution confl_u'ation option 3 - Lunar vehicle
accommodation with dual LTV hangar.

e. Orbital decay and propellant reboost assessment
f. Space Station srowth element and LTV/payioad

clearance analysis
g. Module cluster field of view determination
h. Electrical Power and thermal rejection

determination

i. Structural dynamic characterization indudin&

system modes, forced n_spome (only on selected
configurations)

The mass properties, open-loop control system sizing
results, and growth hardware elements for each

configuration are provided in tables 73-lla-c, 7.3-
mac, and 7.3-lVa-e respectively. To date, all of the
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TABLE 7.3-L - SPACE STATION GROWTH DISCR/MINATORS

Dis_,iminal_

Space Station Control

Structural Capability

Operational Capability

Microgravity Environment

Viewing

Main Radiator Interference

Module Closure / Dual Egress

Structure / Ease of Assembly

Ability to Accommodate
Further Growth

Growth Mass

Measures of Effectiveness

TEA, CMG mmnentum amge _luiremenis
Roll magnitude to dump _ momentum

Truss member structttral integrity under reboost loads
Controls-Structures Interaction acceptability

Ability to perform all vehicle processing requirements

Highest microgravity level in the US Lab module

TEA (affects microgravity gradient along the Space Station x-axis)

Stellar viewing _rom the JEM exposed facilities:

Percentage viewing blockage
Greatest field of view

Average swath angle

Clearance between radiator wing and growth elements

Number and length of time with modules having less than
half closure (racetrack) or lack of dual egress (two ways out}

Number of modules alon 8 the Iransverse boom
Number of modules within MSC reach

Number of free and usable berthing ports on the final configuration

Total weight of growth elements (approximate measure of cos0

analyses conducted have used scenarios which either

stored part or all of the mission propellant directly
on the LTV's themselves, or have assumed storage on
a co-orbiting propellant facility. A further discussion
of propellant storage implications is provided below
in section 7.4. In addition, Appendix C provides
illustrations of each configuration that was
analyzed. At present only a top-level comparison
and quantification have been conducted on and
between the various evolution configurations. A
detailed comparison is required, such as using the
Multi-Attribute Utility Theory mentioned in section
6.4. From a controllability perspective the analysis
conducted to date indicates that a gravity-gradient
stabilized configuration such as those shown in
figures 7.3-2 and 7.3-3 is desirable.

Configuration I in figure 7.3-1, was designed to locate
the LTV close to the pressurized (habitable) region of
the Space Station to provide direct crew viewing
during processing operations. In addition, if an
emergency should occur during an EVA, the crew
would not have to travel as great a distance to the

airiock. However, this configuration would operate
at an extremely large torque equilibrium attitude

CI'EA) impacting Space Shuttle and Space Station
docking/berthing operations. Also, the Space Station
inertia properties lend themselves to requiring an
increase in the number of control moment gyros
(CMG's) required to accommodate the large increase
in the momentum management requirements.

Configurations 2 and 3, in figures 7.3-2 and 7.3-3
respectively, have their LTV processing facilities
located away from the transverse boom on upper
and/or lower keels and booms. This addition of keels

and booms serves to provide a gravity-gradient stable
configuration, reducing the cumulative
environmentally induced momentum disturbances on

the Space Station. While the LTV processing
facilities are a further distance away from the
manned modules, raising potential concerns for EVA
safety, the separation of such processing activities as
LTV fueling and payload mating from the pressurized
modules provides an overall safer operating
environment.
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TABLE 7.3-IIa. - CONFIGURATION MASS PROPERTIES - LUNAR EVOLUTION SPACE STATION

CONFIGURATION 1: SSF PHASE 1 WITH tIPPER PORCH

Configuration Mass (t)

Center of Mass Moment of Inertia
tin) (lO6 _..m ;

X Y Z Ixx

Phase I Space Station 256 -1A 0.7 3,5 117.4

Run 1:68 t LTV-P 325 -1.0 0.3 -0.8 144.6
(deployed aerobrake)

Run 2:68 t LTV-P 325 -1.0 0.3 -0.8
(stowed aerobrake)

Run 3:136 t LTV-P 393 -0.6 0.2 -3.6
(deployed aerobrake)

Run 4:136t LTV-P 393 .0.5 0.2 -3.6
(stowed aerobrake)

Run .5:220 t stack 477 -1.7 0.2 -6.1
(deployed aerobrake)

Run 6:220 t stack 477 -1.7 0.2 -6.1
(stowed aerobrake)

Run 7:220 st_udc, NSTS

(deployed aerobrake}

Run 8:220 stack, NSTS
(stowed aerobrake}

Run 9:.19 t LTV-P

(deployed aerobrake)

585

585

lyy Izz

22.7 137.5

47.8 137.2

Run 10:19t LTV-P
(stowed aerobrake)

Run 11:48 t stack

(deployed a_robrake)

Run 12:48 t stagk

(stowed aerobrake)

Product of Inertia

(106 kg-m

I_j I_ Iy z

0.7 -1.2 0.1

0.6 -2.2 0.8

144.5 47.8 137.3 0.6 -2..2 0.8

160.1 64.6 139.1 0,5 -4.9 1.1

160.1 64.7 139.1 0,5 -4.9 1.1

175.4 86,2 148.0 0,5 0.8 1.1

173.3 86.3 148.1 0,5 0.8 1.1

2.7 -0.4 -2.1 226.6 187.8 200.2 -6.0 45.3 -4.8

2.8 -0.4 -2.1 27/0.6 187.7 200.1 -6.(3 45.0 -4,8

276 -1.4 0.3 2.1 128,5 30.9 136.0 0.6 -1.2 0.6

276 -1.4 0.3 2-1 128.3 30.9 136.1 0.6 -1.0 0.6

306 -2.5 0.6 0.2 136.3 43.4 134.6 0.8 5.4 0.4

306 -2.5 0.3 0.2 139,6 43.4 137.7 0.6 5.3 0,5

Finally, while configuration 2 balances the two
hangars about the Space Station center of gravity to
provide a better staticmicro-gravityenvironment
than configuration 3, from an operations standpoint it
is better to have all of the vehicle processing

facilities and orbital support equipment collocated.
So, option 3 is recommended as the prime reference
configuration to support the Lunar Evolution case
study.
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TABLE 73-Hb. - CONFIGURATION MASS PROPERTIES o LUNAR EVOLUTION SPACE STATION
CONFIGURATION 2: UPPER AND LOWER LTV HANGERS

Configuration Mass (0

Conflfr 2A (accom. 363
deployed aerobrakes)

Confifr 2A (Run 13) 587
w/2 fueled LTVs

Confifr 2A (Run 14) 415
wl 2 dry LTVs

Config. 2B (accom. 349
stowed aerobrakes)

Config. 2B (Run 15) 573
w/2 fueled LTVs

Config. 2B (Run 16) 401
w/2 dry LTVs

Center of Mass

(m)

Moment of Inertia Product of Inertia

(10 6 kg-m _ (106 kg-m ;

X Y Z Ixx 1)7 Izz Ix) , Ixz ly z

-1.7 1.6 2.8 629.2 250.3 :444.1 1.48 0.51 -1.84

-2.4 1.0 26.2 1320 951.8 456.7 1.89 1-19.7 -15.7

-2.6 1.4 7.9 861.8 488.7 449.6 1.98 -25.1 -5.06

-1.6 1.7 2.9 543.4 164.6 438.0 1.40 0.48 -1.84

-2.3 1.0 25.0 1129 760.4 450.8 1.85 -193 -1.5(]

-2-5 1.5 7.7 743.5 370.6 1443.7 1.96 -23.6 -4.89

TABLE 7..T-Hc. - CONFIGURATION MASS PROPERTIES - LUNAR EVOLUTION SPACE STATION
CONFIGURATION 3: DUAL LTV HANGER

Configuration Mass (t)

Center of Miss Moment of Inertia Product of Inertia

(m) (10 6 ks. m ] (10 6 kg-m

X Y Z Ixx Iyy Izz Ixy Ixz Iy z

Conflg. 3A (accom.
deployed aerobrakes)

Con_ 3A (Run 17}
w/2 fueled LTVs

380 -1.1 1.5 4.3

610

Config. 3A (Run 18) 432
w/2 dry LTVs

Config. 3B (accon_ 368
stowed aerobrakes)

Config. 3B (Run 19) 598
w/2 fueled LTVs

Config. 3B (Run 20) 420
w/2 dry LTVs

761 376.7 4413 283 -12.4 -4.44

-2.2 1.1 37.0 1913 1541 457.4 1.96 -37.8 -26.4

-2.1 13 14.6 1104 725.6 447.5 333 -45.1 -10.3

-1.0 1.5 1.3 646 26L6 435.8 2-75 -7.94 -2.73

-2.2 1.1 30.3 1509 1137 452-2 1.94 -31.4 -22.1

-2.0 1.4 10.6 910.4 532 442.2 3.27 -3.68 -8.07
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TABLE7_-llla.- CONFIGURATION CONTROLS ANALYSIS- LI._/AR EVOLUTION SPACE STATION
CONFIGURATION 1: SSF PHASE 1 WITH UPPER PORCH

Confisuration

Phase I Space Station

Run 1:68 t LTV-P
(deployed aerobrake) 0.4 20.1 -0.4

Run 2:68 t LTV-P
(stowed aerobrake) 0.4 16.7 -0.4

Run 3:136 t LTV-P

(deployed aerobrake)

Torque Equilibrium
Attitude (deg)

Yaw Pitch Roll

qJ(z) O(y) ,_(x)

0.5 -8.9 0_)

0.3 10.8 -0.7

Run 4:13Q LTV-P
(stowed aerobrake) 0.3 9.8 -0.7

Run 5:220 t stack
(deployed aerobrake) 0.4 -6.1 -1.1

Run 6:220 t stack
(stowed aerobrake) 0.4 -6.8 -1.0

Run 7:220 stack, NSTS 11 -35.6 -21
(deployed aerobrake)

Run _ 220 stack, NSTS 11 -35.8 -21
(stowed aerobrake)

Run 9:.19 t LTV-P 0.5 _ -21 -0.3
(deployed aerobrake)

Run 10:19t:LTV-P 0.5 -13.7 -0.4
(stowed aerobrake)

Run 11:48 t stack 0.7 43 0
(deployed aerobrake)

Run 12:48 t stack 0_ 46 0.1
(stowed aerobrake)

Secular Peak Cyclic
Mmmsdum

(N-m-s) (N-m-s)

1091

1160

850

745

610

220 _ Orbital

Lifetime (days)

2-Sigma
1/01 Arm.

2-Sigma
1/04 Ahn.

6550 107 178

4141 110 180

4332 120 210

3766 130 245

3854 145 280

628 5729 160 310

628 6634 180 350

3430 150 305

i

3456 165 325

7O3

333

1219 4756 95 155

993 4645 100 150

231 4599 100 160

1187 4798 110 175
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TABLE 73-111b. -CONFIGURATION CONTROLS ANALYSIS- LUNAR EVOLUTION SPACE STATION
CONFIGURATION 2: UPPER AND LOWER LTV HANGERS

Torque Equilibrium
Attitude (de K) Secular Peak Cydic

Momsmml Mmmmun
Configuration Yaw Pitch Roll (N-m4) (N-m-s)

Config. 2A (accom.

deployed aerobrakes)

Config. 2A (Run 13)
w/2 fueled LTVs

Config. 2A (Run 14}
w/2 dry LTVs

_P(z) _(y) _(x)

220 NM Orbital

Lifetime (days)

Nominal 2-Sigma
4/05 Arm. 4/05 Arm.

O.6 O.2 O.6 3588 _ 273 177

i

0.0 2_ -1.9 6959 31339 432 279

0.9 4.3 -0.3 3043 46542 301 196

Config. 2B (accom. 0.5 0.3 0.4 3036 5346 315 209
stowed aerobrakes)

Config. 2B (Run IS) 0.7 5.4 4.0 2171 10527 SO8 324
w/2 fueled LTVs

Config. 2B (Run 14} 0.7 3.1 -2.8 3673 23332 343 228
w/2 dry LTVs

TABLE 7_-HIc. - CONFIGURATION CONTROLS ANALYSIS- LUNAR EVOLUTION SPACE STATION
CONFIGURATION 3: DUAL LTV HANGER

Configuration

Torque Equilibrium
Attitude (deg) Secular Peak Cyclic

Yaw Pitch Roll (N-m-s) (N-m-s)

_(z) O(y) (1>(x)

220 _ Orbital

Lifetime (days)

Nominal 2-Sigma
4/O5 Arm. 4/O5 Aim.

Config. 3A (accom. 0.S -1.1 3.5 12874 37110 301 197
deployed aerobrakes)

Conflg. 3A (Run 17) 0.9 L9 -1.4 3763 20010 476 292
w/2 fueled LTVs

Conflg. 3A (Run 18) 0.4 3.1 -2.2 4146 24410 349
w/2 dry LTVs

Config. 3B (accom. 0.4 0.2 L0 $642 14590 365
stowed aerobrakes)

Confl_ 3B (Run 19} 0.0 2.5 -1.9 5072 19930 546
w/2 fueled LTVs

Conf_ 3B (Run 20) 0.3 4.4 -5.5 2271 6990 406
w/2 dry LTVs

216

229

348

252
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TABLE7.3-IVa.- ADDITIONALSSFLUNAREVOLUTIONELEMENTS
- CONFI_TION 1

TrussBays 7 700

Total 700

TABLE 7.3-IVb. - ADDITIONAL SSF LUNAR EVOLUTION ELEMENTS
-CONFIGURATION 2A (DEPLOYED AEROBRAKE)

Habitat 1 23,.q00

Resource Node 2 14,900

Truss Bays 22O 16,500

Utility Trays 132 10,700

Meteoroid Shields 12 26,600

Solar Dynamic Units 4 276OO

Sendcin s Facility 1 11_._00

Thermal Radiators 2 6,300

Vodd_ Mut 1 1,400
Payloads Removed all -32,000

Total 107000

TABLE 7.3-IVc. - ADDITIONAL SSF LUNAR ]EVOLUTION ELEMEMTS
- CONFIGURATION 2B (STOWI_ AEROBRAKI9

£.mmmumz Nffima_ Mm_k_
Habitat 1 23,_0

Resource Node 2 14,900

Truss Bays 188 14,800

Utility Trays 132 10,700

Meteoroid Shields 12 14,300

Solar Dynamk Units 4 27,600

Servtcin s Facility 1 llanO0

Thermal Radiators 2 6,300

_u_k_nSMast 1 1,400
Payloads Removed all -32000

Total 93,000
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TABLE 7_-IVd. - ADDITIONAL SSF LUNAR EVOLUTION ELEMENTS
-CONFIGURATION 3,8,(DEPLOYED AEROBRAKE)

Habitat 1 23500

Resource Node 2 14,900

Tress Bays 164 12,600

Utility Trays 132 10,700

Meteoroid Shields 11 21,700

Solar Dynamic Units 4 27,600

Servicing Facility 1 11,500

Thermal Radiators 2 6300

Docking Mast 1 1,400

Payloads Removed -6200

Total 12A,IX)0

TABLE 72_-IV e. - ADDITIONAL SSF LUNAR EVOLUTION ELEMENTS
- CONFIGURATION 3B (STOWED AEROBRAKE)

Habitat 1 23500

Resource Node 2 14,900

Truss Bays 144 10,900

Utility Trays 132 10,700

Meteoroid Shields 11 11,400

Solar Dynamic Units 4 27,600

Servicing Facility 1 11,500

Thermal Radiators 2 6,300

Docking Mast 1 1,400

Payloads Removed -6,200

Total 112,000
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TABLE 7.4-I. - LUNAR VEHICLE MASS PROPERTIES AND PROPELLANT

REQUIREMENTS

Component Dry Mass Prop Total Mass(t) (t) (t)

D

o

o

i

Lunar Transfer Vehicle (LTV-C) 9.7 125.8 135.5

Transfer Crew Cab 9.0 9.0

LTV-P (LTV-C with a crew cab) 18.7 146.6 165.3

Lunar Excursion Vehicle (LEV-C} 3A 24.9 28.3

Excursion Crew Cab 3.0 3.0

LEV-P (LEV-C with a crew cab) 6.4 24.8 31.2

LEV-P payload (a) 7.6 7.6

LEV-P payload (b) 14.9 14.9

LEV-P payload (total) 22.5 22.5

Crew 1.2 1.2

_ First Piloted Hight(LTV-P,LEV-P, LEV-P P/L, crew)
48.8 171.4 220.2

Standby Cargo Vehide
(LTV-C)

Operational PHoted Hight
(LTV-P, LEV-P P/L, crew)

9.7 (dry) 9.7

43.4 160.5 214.8

7.4 Propellant Storage and Transfer Opttem

Based on the current data that has been produced on
vehicle and payload mass properties, the greatest
concern with accosting the Lunar Evolution case
study requirements is the storage and transfer of the
large quantifies of cryogenic fluids. Based on the late
SRD changes there are several options still under
analysis. Table 7.4-1 lists the currently understood
lunar vehicle mass and propellant requirements.

OSS, working with the Lewis Research Center,
continues to investigate several different storage

options. An overview of three potential on-orbit
storage options is presented here, with a brief
discussion of issues associated with each method

provided in sections 7.4.1 through 7.43. A more

thorough discussion is provided in the Propulsion
Special Assessment Agent's (SAA) section of
Volume I.

The three options are:

Option 1. Propellant storage on the Space Station
(5 sub-opt/ore).
i. Propellant tramfer from ETO

delivery system to LTV for storage
with later transfer to LTV.

ii. Propellant transfer from ETO
delivery system to Freedom for
storage.

Tank transfer from ETO delivery
system to LTV for storage.

iii.
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Option 2.
Option 3.

iv. Tank transfer from ETO delivery
system to Freedom for storage with
later tank transfer to LTV.

v. Propellant storage on the ETO
system while docked to Space
Station.

Propellant tethered to Space Station.
Propellant co-orbiting with Space
Station.

7.4.1 Propellant Storage on the Space Station

From a Space Station configuration assessment point
of view, each of the storage and transfer options
listed under option I above will have almost the
same impact to Space Station Freedom
controllability and operational impacts. Further
discussion of Space Station Freedom propellant
storage issues is presented in section 10.4.

7.4.2 Propellant Tethered to Space Station

The second option for the refueling of reusable Space
Transfer Vehicles in the vicinity of the Space Station
involves the use of a propellant depot which is
tethered to the Space Station. The propellant tanks
are tethered away from the Space Station in either
the zenith or nadir directions. Having the tanks
attached to the station allows the tanks to be under

station control, but decreases the risks of having large
amounts of propellant close to the station. The tanks
experience a slight acceleration at the end of the
tether which can be used to simplify propellant

storage and transfer operations. Tether lengths of
roughly 200 m provide accelerations at the tanks of
roughly 0.0001 g, which is sufficient to allow fluid
settling in LOX and LH2 tanks.

Two different tether configurations have been
analyzed to determine their impacts on the Space
Station. The first case, as illustrated in figure 7.4-1,
deals with using a tether to store and transfer
propellant for lunar mission flight 1, which is an
expendable cargo flight. The second case, shown in
figure 7.4-2, shows the use of a tether system to store

and transfer propellant during the lunar operational
phase, where two reusable LTV's are based at
Freedom.

The study assessed the feasibility of locating
Transfer Propellant Tank (TPT) platforms remote

from the Space Station through the use of tethers.

One major objective of the study was to determine the
dynamic environment of the Space Station-tethered
tank platform system. This included evaluating
attitude motion, system center of mass migration,
microgravity sensed at the Space Station center of
mass, microgravity sensed at the tanks, tether

tension, and the impact of a departing vehicle on the
motion of an empty tank platform.

For the purposes of the initial study, certain
assumptions were made:

1) The tether used was stainless steel, I mrn in
diameter, 200m in length.

2) The Space Station center of mass orbit was at 220

Nm altitude, 28.5 ° inclination.

3) The Space Station center of mass (CM) was at (0,
O, O)in Space Station coordinates and the tether
attach points were at :L53m on the Space Station
z-axis.

4) Due to software constraints, the Space Station
and tank platforms were treated as point masses
(except for drag calculations where drag surface
areas are included).

5) The mass and drag surface area of the tether were
included in the mass and area of the tank

platforms in the 2 body simulations (also in the

lower platform in the 3 body simulations). The
mass and area of the upper tether were added to
the Space Station mass and area in the 3 body
simulations.

6) Full tank steady state conditions were used as the

starting point for the study of the impact of a
departing vehicle (released empty tank
simulation).

Two Space Station configurations were tested. The

first had a mass of 363 tons and a surface of 3500 m2
(figure 7.4-1). The second had a mass of 380 tons and

surface area of 5000 m 2 (figure 7.4-2). For each Space
Station configuration, several combinations of
propellant tanks, fuel and vehicles were simulated as

listed in the next two paragraphs.
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Space Station coordinate
origin (0, O, O) in center of

truss bay

Lunar Excursion Vehicle 6S 130
- Carp _Ev-c)

Tether attach point
(0, 0, -53)

Vehicle Mm.lU
Space Station 363 3500 (approx.}
(Growth Delta 4}

Space Station
center of mass

(-0.54, 1.54, -0.3O)
•,, Tether attach point

(0, 0, 53)

System center of ma_
(maintained near origin with
upper tether, or allowed to be
offset in option without upper
tether)

£mxLtmm_

TPT (66 t)

Tether length determined by induced
acceleration at propellant depot required for
propellant settling in tanks.
(Approximate values are 0.0001 g and 200 m)

verde Mm.lU _ea (m2)
120Transfer Propellant Tank (TPT) 66

Lunar Transfer Vehicle - Carso
(LTV-C)

68 130

TPT (66 t:

LTV-C
(68 t)

J

TPT (2 t)

Fi_sre 7.4-1. - Lunar evolution Space Station with tethered propellant depot - fliF, ht 1.
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_la_tion: no upper-P tank masa
ched Io upper keel.

LTV-C (in hanger)

 .m fiszsUm 

TI_ (70 t) TPT (70 t',

TPT (70 t)

LEV-P prop tank
+ payload

Vehlcle

Space Station
(Growth)

MUL(U

48

Transfer Propellant Tank (TPT}

Transfer Propellant Tank (TPT)

Lunar Transfer Vehicle -
Piloted (LTV-P}

TPT (2 t)

TI_ (2 t)

9O

5000

(approx.)

7O 120

7O 120

19

FiKure 7.6-2. - Lunar evolution Space Station with tethered propellant depot - fliKht S
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CasesinvolvingSpaceStationtetherconfiguration1
(363t, 3500 m 2) with downward deployed tethers
included:

la) Full Tank Platform (66t, 120m2);

lb) Full Tank Platform and Lunar Transfer

Vehicle Cargo (LTV-C) (134t, 250m2);

1c) Empty Tank Platform (2t, 120m2);
ld) Empty Tank Platform at time of "release" by

LTV-C (2t, 120m2).

Cases with upward deployed tethers included:
le) Lunar Excursion Vehicle-Cargo (LEV-C) (65t,

130m2);

1f-h) combined upward deployed tether with each
downward deployed tether case, except
"released" platform.

Cases involving Space Station tether configuration 2

(380t, 5000m 2) with downward deployed tethers
included:

2a) One Full Tank Platform (70t, 120m2);

2b) Two Full Tank Platforms (140t, 240m2);
2c) Two Full Tank Platforms and Lunar Transfer

Vehicle Piloted (LTV-P) (159t, 490m2);

2d) Two Empty TankPlatforms (4t, 240m2);

Cases with upward deployed tethers included:
2e) Lunar Excursion Vehicle - Prop Tank and

payload (LEV-P) (48t, 90m2);

combined upward deployed tether with each
downward deployed tether case, except
"released" platforms.

2f-i)

The various downward deployed configurations were
simulated in a 2 body system with the space station.
These simulations showed a stable system, even
though beginning in an artificial state (i.e., deployed

mass directly below Space Station CM, at full
deployment length). During the course of the study,
it was observed that small initial relative velocity

errors between the deployed tanks and the Space
Station resulted in large amplitude osdllations;
further studies are needed to determine control

parameters to accomplish actual deployment of the
platforms.

The steady-state gravity gradient sensed
acceleration at the platform ranges from 70-97 micro-
g in the various 2-body simulations, and from 2-29
micro-g at the Space Station CM. In addition, there
is a cyclic tether acceleration sensed at the tank.
This acceleration is a damped elastic effect with
peaks of 5-56 micro-g, depending on the mass
deployed. The tether/space station system had a
steady state in-plane oscillation of less than 2
degrees. This motion is depicted in figure 7.4-3,
which shows radial displacement of the tank from
the station versus in-plane position of the tank

relative to the station for the 66 ton platform. The
upper symbol in the figure represents the space
station, while the lower represents the tank
platform. The horizontal movement of the space
station in the figure is an arbitrary representation of
the plotting program which allows a better visual
representation of the in-plane motion over a period of
time (in this case, 10,000 seconds).

Similar results were obtained in the upward

deployed 2 body simulations and the 3 body (upward
and downward deployed) simulations. The steady
state gravity gradient sensed acceleration at the tank
platforms ranged from 80-114 micro-g, while those at

space station CM ranged from 0_-19 micro-g.

Tables 7.4-II through 7.4-V summarize the particular
results for each of the combinations of tethered tank

space station configurations described previously.
Note that tether tensions are well within the

stainless steel capacities at the tether diameters
studied.
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TABLE 7.4-1L - DOWNWARD DEPLOYED -t,qr/_ - FLIGHT 1 RESULTS

z-axis c.m. Location (m}

Sensed Acceleration at Tank (micro-s}

Gravity Gradient

Tether (peak}

Sensed Acceleration at (0,0,0) (micro-g)

Tension (Newtons)

Peak

Steady State

Maximum Oscillations (des}

In Plane

Across Track

Full Tank

66t

-39

84

21

15

73

60

O.3

0.2

Full Tank +
LTV-C

134t

-68

72

53

27

187

95

O_

0.2

empty Empty
(released)

2t 2t

- 1.4 - 1.4

97 97

5 27

2 2

3 96

2 2

1.8 1.8

0.2 0-_

note: +z is "up"

TABLE 7A-re. - DOWNWARD DEPLOYED TETHER - FLIGHT 8 RESULTS

z-axis c.m. Location (m)

Sensed Acceleration at Tank (micro-s}

Gravity Gradient

Tether (peak)

Sensed Acceleration at (0,0,0) (micro- s)

Tension (Newtons)

Peak

Steady State

Maximum Oscillations (des}

In Plane

Across Track

]Full Tank

70t

- 39

84

21

15

98

56

0.4

0.2

2 Full
Tanks

140 t

-68

53

27

197

99

0A

0.2

2 Full Tanks
+ LTV-P

2 Empty 2 Empty
(released)

159t 4t 4t

-74

7O

56

29

-2

97

10

2

6

4

1.8

0.2

-2

97

29

207

113

O.3

O.2

109

4

1.8

0.2
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TABLE7A-IV.-UPPERAND LOWER DEPLOYED TETHERS - FLIGHT 1 RESULTS

z-axis c.m. Location (m)

Sensed Acceleration at Tank (micro-g}

Gravity Gradient

Sensed Acceleration at (0,0,0) (micro- 8)

Tension (Newtons)

Peak

Steady State

Maximum Oscillations (de s )

In Plane

Across Track

Full Tank

66t

99

O.2

Full Tank +
LTV-C

lMt

- 31

87

12

Emp_

2t

37

114

15

122

64

0.3

0.1

237

115

0.1

0.1

7O

56

0.1

note: +z is "up":.upper tether attached to LEV-C (650

TABLE 7.4-V. - UPPER AND LOWER DEPLOYED TETHERS - FLIGHT 8 RESULTS

z-axis c.m. Location _n)

Sensed Acceleration at Tank (micro-g)

Gravity Gradient

Sensed Acceleration at (0,0,0) (micro-g)

Tension (Newtons)

Peak

Steady State

Maximum Oscillations (deg)

In Plane

Across Track

Full Tank

70t

- 11

95

4

123

6S

O.3

0.2

2 Full
Tanks

140t

-41

83

16

227

113

O.3

O.2

2 Full Tanks
+ LTV-P

159 t

-48

8O

19

248

115

O.3

0.2

2 Empty

4t

26

109

10

8O

41

1.8

0.2

note: +z is "up": upper tether attached to LEV-P (480
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boundary of SSF command and control zone.

Figure 7.4-4. Coorbitin S propellant tanker option.

7.4.3 Propellant Co-orbiting with Space Station

The thirdoptionofstoringpropellant,figure7.4-4,

would be toprovidean OMV typevehiclethatwould

rendezvous with each arrivingETO propellant

deliverytankerand maintainthe propellantco-

orbitingwithSpace Stationuntiljustbeforethe
missionlaunchdate.At thattime theLTV would

departSpace Stationwith theaid ofan OMV,

rendezvous with the co-orbitingpropellanttankers

fortransferofthe propellant.The benefitofthis

optionisthereductionoftheimpacttoFreedom's

micro-gravityenvironmentby reducingthemass

storedon station.However, thismethod willrequire

additionalOMV's forcontrolofthe propellant

tankersand an added degreeofoperational

complexityfrom havingtorendezvousand transfer

propellant.A furtherdiscussionofautonomous

rendezvousand dockingwith co-orbitingpropellant

tankersisgiveninsection6.4(Automationand
Robotics)inVolume L

7.5 Meteoroid and Orbital Debris Shielding for

Hangars

EVA astronauts while operating in the unpressurized
hangar. An aluminum alloy hangar wall and bumper
with a (combined) thickness of I mm was selected.

This wall is capable of stopping the small, paint
flake size particles and would provide roughly ten
times mere protection than an astronaut in the current
EMU. The amount of protection is not large, yet it
involves a significant addition of mass to the hangars
- 2.8 metric tons for 1000 square meters.

The SRD requirement states that "SSF shall provide
debris protection for space transfer vehicles and
mission equipment while resident at SSF'. The Lunar
transfer vehicles will have some shielding
themselves. For example, the current Lunar vehicle

tank design has a 30 rail (0.76 mm) AI-Li alloy wall
and a 15 mil (0.38 mm) bumper with multi-layer
insulation (MLI) in the gap. The protection
requirements for the vehicle components, such as the
aerobrake, must be determined. Since the specific
requirements of the space transfer vehicles for
additional protection while in LEO were not
available, a hangar wall design was selected to
protect the EVA crew servicing the transfer vehicle.

The protection of space transfer vehicles from
meteoroids and orbital debris while at the Space
Station involves balancing the benefits of additional

protection against the costs of adding significant mass
to the hangar walls. A hangar wall thickness was
selected to provide some additional protection to

The protection requirements for SSF EVA astronauts

is stated as: "..the SSPE should be designed and
operated in a manner such that the individual
crewman would not be exposed to a risk of mere than

0.0005 (1 per 2000) accidental deaths per year as a
consequence of meteoroid and debris strikes." (Space
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Figure 7.5-1. - Shield effectiveness as a function of thickness.

Station Program Natural Environment Definition for

Design, JSC 30425, Sec. 13.1) The above requirements
place a specific limit on the risk to an EVA astronaut.
In the absence of additional protection, this
requirement would limit the total amount of time a
crew mernber could spend on EVA.

Natural meteoroids include low density cometary
material in periodic meteor showers, and higher
density asteroidal material. Meteoroids have high
velocities (10 - 60 km/s) and would arrive at SSF

with directions randomly distributed across the
hemisphere above the horizon.

Artificial orbital debris consists of large objects
(which may he tracked optically and with radars)
and themore numerous smallobjectsand partides.

There islimiteddataon thenumber ofsmallobjects.

The model distributionsareextrapolatedfrom the

numbers oflargerobjectsand areuncertainby a factor

oftenforthecurrentenvironment.Inthecoming

decades,theamount ofdebrisispro_._ctedtoincrease

by afactorof2to10dependingoffuturespace
activityand debriscountermeasures.Orbitaldebris

impactdirectionsareconcentratedinthex-y

(horizontal)plane. Typicalimpact velocitiesof
orbitaldebris(I0kin/s),while lower than

meteoroids,aremore capableofpenetratingshields

sinceparticlefragmentsmay surviveimpact with the

bumper shield.A retrievaloftheLong Duration

Exposure Facility (LDEF) satellite would

significantly add to the understanding of the current
environment.

The current space suit can be penetrated by Particles
as small as 0.5 mm diameter at orbital velocities.

The probability of such an impact on an EVA

astronaut in the current environment is roughly 2x10 -6
per hour of EVA time. Without additional

protection, the SSF risk limit would require an
operational limit of 3-5 EVA days per month for an
astronaut.

The selected meteoroid/debris includes a main wall

of 0.8 mm of Al alloy, an exterior bumper wall of 0.2

mm at a distance of 3 cm, with the gap between the
walls Partially filled with layers of multilayer
insulation (MLI). The effectiveness of shields of

various thicknesses is illustrated in figure 7.5-1. The
figure compares the thin shield of the Explorer 46
satellite, able to stop microgram size particles, to the
heavier shields for SSF modules. (Reference 7.5-1)

The I mm shield selected would stop particles just
under 1 mm in diameter and reduce the threat to EVA

astronauts by roughly a factor of ten. This would

remove the debris risk as an operational limit to EVA
time in the hangar. The resulting mass penalty for
the hangar walls is 2_ metric tons per 1000 square
meters of hangar wall.
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7.6 Lunar Transfer Vehicle Accommodation 7.7.2 Approach

In addition to the micrometeoroid protection

provided, a hangar also provides a suitable
operational environment for EVA operations and WA
teleoperated vehicle processing. The hangar is
equipped with sufficient lighting, robotic access,
orbital support equipment, and power, to perform all
processing activities. A station arm is mounted on a
mobile track assembly like that shown previously in

figure 6.5-2. This arm will have the capability of
reaching all of the LTV's Orbital Replacement Unit
(ORU) mounts for ease of teleoperated vehicle

servicing.

7.7 Lunar Vehicle Servicing and Refurbishment

The OEXP vehicles being envisioned to carry out the

national space policy goal of expanding human
activity beyond Earth orbit into the Solar System
will require on-orbit assembly/refurbishment,
checkout, and launch due to ETO mass and volume
restrictions. The limited manpower and resources
available on-orbit requires careful analysis to

partition tasks between performance on-orbit versus
performance on the ground. Processing requirements
for each vehicle must be identified in order to

generate facility and resource impacts to Space
Station Freedom and Kennedy Space Center (KSC)
facilities. (Reference 7.7-1)

7.7.1 Objectives of the On-orbit

Assembly/Servicing Task Definition Study

The objectives of the On-Orbit Assembly/Servicing
Task Definition Study are to apply the space vehicle

processing experience, knowledge, and archives
resident at KSC to the on-orbit processing of OEXP

vehicles; to determine ground and on-orbit processing
flows and required resources; to determine impacts to
Space Station Freedom and identify hooks and scars
for the Phase 1 station; to determine impacts to KSC
facilities to accommodate vehicle ground processing;
and to generate vehicle and facility design
recommendations to facilitate vehicle processing. In

support of the Launch/On-Orbit Processing (LOOP)
Study, impacts to ground and on-orbit OEXP vehicle
processing flows for various ETO launch vehicles will
be assessed. Processing data will be accumulated into
an electronic data base to permit life cycle cost,

vehicle growth, and SSF impact analysis.

A KSC data base of ground assembly / refurbishment
/ checkout / launch procedures and processing flows
from Shuttle, Spacelab, Delta, Centaur, and
Apollo/Saturn programs is used to determine the
tasks, timelines, manpower, and resources/facilities
necessary to process OEXP vehicles both on the ground
at KSC and on-orbit at Space Station Freedom (figure
7.7-1). This data base is examined to find the closest

analogies to OEXP vehicle components and assembly
/ refurbishment tasks. Where no analogy is found,

experience and "lessons learned" from past programs
are used to determine vehicle processing
methodology. A generic "Strawman" OEXP vehicle
consisting of an aerobrake, crew module, lander, and
cryo stages was created as a tool to generate KSC
processing and launch flows, which was then
"transitioned" to Space Station Freedom for
analogous processing in order to determine on-orbit
timelines, resources, and manpower requirements.
Only those tasks which by necessity must be
performed on-orbit were incorporated into the flows.
Transition tables are generated to provide
traceability from KS(: hardware processing experi-
ence to analogous on-orbit processing of the OEXP
vehicles. These processing scenarios and resulting
resource/facility requirements are used to determine
impacts to Space Station Freedom and KS(: ground
facilities to support the OEXP missions.

7.7.3 Results

The following sections will present the study results
to date focusing on the Lunar Evolution Vehicles. The
Phobos Gateway mission, described in section 8.5,
provides baseline on-orbit assembly tasks, while the
Lunar Evolution scenario was used to generate
baseline on-orbit refurbishment tasks. Both ground

and on-orbit processing flows and transition tables are
provided. One day on the flow charts and tables is
equivalent to one 8 hour work shift. Serial time is
the number of sequential 8 hour shifts. A maximum
on-orbit processing crew of four per vehicle to perform
hands-on work was baselined. EVA's were baselined

using two EVA crewmen, one support astronaut in SSF,
and one RMS operator in SSF for those EVA's

utilizing RMS/FFS assistance. Labor intensive
hands-on assembly task times have been adjusted to
accommodate the limitation of utilizing only two
EVA crew members at a time. Ground serial times are

limited by personnel access to the hardware, while
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Figure 7.7-1. On-Orbit Aasembly/Servicing Task Definition Study approach.

on-orbit serial times are determined by manpower
and resource limitations. All times on the flow chart

and tables are "KSC ground equivalent" times. An
iteration in which the task flows are broken down

into EVA primitive subtasks and times is currently
underway. Another iteration to apply automation

and robotic technology to reduce crew risk and
minimize EVA time is also being conducted.

7.7.4 Lunar Evolution

The lunar piloted vehicle (LPV, figure 7.7-2) and the

lunar cargo vehicle (LCV) defined by Martin
Marietta was assessed for refurbishment requirements
at SSF following a lunar mission. These vehicles are
identical, except that the manned crew module is
replaced by an unmanned cargo element. These
vehicles were examined for similarities to the current

Shuttle/Spacelab turnaround operations at KSC, as
these are the only vehicles for which refurbishment
data exists. Late changes to the vehicle, such as
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Figure 7.7-2. Lunar vehicle major system
refurbishment requirements.

increasing the number of RS44 engines from2 to 4,
have been incorporated into our time-lines, but are not
reflected in figure 7.7-2.

The overall on-orbit refurbishment operations concept
is shown in figure 7.7-3. The four main phases of the
operations concept are expanded in the following
flow charts.

The post flight operations flow is provided in
Appendix D. Upon return to SSF from the lunar
mission, a self-diagnostic health check will be

performed on all vehicle systems to verify a safe
condition (no fluid/gas leaks, etc.) and a visual

inspection (similar to an arriving STS) will be per-
formed prior to entering the SSF servicing hangar.

Appendages will be retracted (high gain antenna,
etc.). An advanced OMV will bring the vehicle
within grappling range of one of the servicing hangar
manipulator arms, which will then berth the
vehicle.
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Figure 7.7-3. Lunar vehicle refurbishment operational concept.
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Thevehicledeservicingflow isalsoprovidedin
AppendixD. Afterberthingin theSSFhangar,the
vehiclewill be connected and switched to SSF

facility power, fluids, gases, and data system.
Vehicle systems will be powered down, and residual
propellants will be drained. Vehicle inspection will
be performed.

The refurbishment/retest/closeout operations flow is
in Appendix D. For the purpose of determining on-
orbit timelines, manpower, and resource requirements,
the refurbishment of the lunar vehicle was broken

down into six engineering systems. The following
refurbishment task flows are located in Appendix E.

Aerobrake Refurbishment.

Deployable aerobrake configuration is used which

requires replacement every five flights. TPS repair is
performed "as needed" between aerobrake replace-
ment. Tile cavities are repaired using the spray-
on/fill-in ablative repair kit developed for Shuttle.
Fabric tears and punctures are repaired with patches.

Propulsion System Refurbishment.
Aerobrake will be removed to provide access for

engine replacement. The only propulsion ORU's
identified for EVA/RM S operations are the engines,
cryogenic tanks, pneumatic tanks and regulator
panels, RCS thrusters and some instrumentation.

Other EVA/RMS required servicing consists of engine
internal inspections, engine drying, minor nozzle
cooling tube repair, and turbopump gear box oil
servicing. System pressure decay tests will be used to
verify system integrity. Individual valve and joint
leak checks will be done on a contingency basis.
Other engine and pneumatic regulator panel
components can he serviced if done in a shirt sleeve

environment of a pressurized pocket lab, and will be
studied at a later date.

Fuel Cell Refurbishment.

Fuel cells can be serviced in-place via access panel.
Crew Module (CM) battery removal, charging, and
open circuit voltage checks will he performed post
flight. Batteries will be reinstalled during vehicle
closeout activities.

Thermal System Refurbishment.
Radiator panels are located on exterior of avionics

bays which allows for modular replacement and
coolant loop servicing by EVA or robotic operations.
MLI replacement or repair is performed on an "as
needed" basis.

Avionics System Refurbishment.

Replacement of avionics ring box ORU's may require
cargo or crew module removal unless ORU is

accessible through access panel or by radiator panel
removal. Crew module avionics boxes will be

replaced WA as required. Antenna repair /
replacement will be performed on an "as needed"
basis.

Crew Module Refurbishment.

Refurbishment of crew module is visualized as being
very much the same as Shuttle refurbishment
operations. Lunar missions and shuttle missions are
approximately the same duration with similar crew

size and crew module internal space. Replacement of

crew consumables is by lockers and pre-packs. Flight
crew, waste management containers, lockers, trash
(wet & dry) and required equipment will be removed
prior to vehicle refurbishment. Crew module waste

management system is serviceable (drain & flush) in

place. EVA suits will be exchanged as required.

Following ORU replacement and vehicle system ser-
vicing, integrated testing will be performed on the

b'ansfer vehicle (and crew module if a piloted
mission is being prepared). Portions of the flight
sequence will be simulated to verify functional
integrity of vehicle systems. For an LCV mission, the

cargo will be mated to the transfer vehicle prior to
leaving the SSF servicing hangar. Fluids and gases
will be topped-off. For an LPV mission, final crew
equipment, food, film, etc. will be stowed, followed
by flight crew ingress.

The cryogenic propellant depot and launch operations
flow is provided in Appendix D. The vehicle will be

transferred by advanced OMV to the propellant
depot for cryogenic loading, and then deployed by
OMV to the stand-off position for the trans-lunar
injection bum.

An overall timeline for lunar vehicle refurbishment

(lunar vehicle berthing at SSF through deployment
from the propellant depot for launch) is shown in
figure 7.7-4. This timeline is a summation of the

timelines presented in Appendix E for refurbishment
of each major engineering system. Accompanying
transition tables to provide traceability from KSC

processing experience to analogous on-orbit processing
are provided in Appendix F. Sample ORU timelines
and transition tables for selected ORIYs such as

engine changeout are also provided in Appendix F,
but are not included in the overall timeline in figure
7.7-4.
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Figure 7.7-4 - Lunar reh_bishment - overall on-orbit processba 8 flow.
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Figure 7.7-5 - Lunar evolution ground processin 8 flow summary.
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Figure 7.7-6 - Lunar evolution ground processing flow for Shuttle-C ETO flight #1.

Ground flows were baselined on a Shuttle-C ETO

launch vehicle capable of lifting 68 t in a cargo
carrier 36 ro long and 10 ro in diameter. Lunar

vehicles and payloads are installed in a payload
carrier framework and stacked for launch at a

Payload Vertical Integration Facility, followed by
shroud installation. The ground processing flows for

the Shuttle-C, ETO flights that support the first two
LEO to lunar launches (flights I through 6), are

shown in figure 7.7-5. Ground flows supporting flights
1 and 4 are shown in figure 7.7-6 and 7.7-7

respectively. Flows for ground processing of the lunar
piloted vehicle (LPV) are the same as the first flight
flow, except that the crew module would replace the
lunar habitat module and payloads. Ground pro-
cessing and hazardous operations are baselined for 8
hours per day, 5 days per week. The launch

operations are continuous 24 hour days. Payload
element ground processing operations other than the
lunar vehicles and habitats have not been defined in
detail. Flow timelines have been included in the

processing flows, but exact checkout operation flows
will not be feasible until all payload element details
are made available. Late changes to the lunar
vehicle increasing its size have not been reflected in
the manifest (July '89) provided by MASE used in this
analysis. Table 7.7-I shows which current and
planned KS(: facilities can accommodate processing
of various lunar evolution elements. Proposed usage
of these facilities, along with new facilities

required, is summarized in table 7.7-II. Housing for
an estimat_l 500 personnel to support the first six
Shuttle-C flight cargos will be required at the launch
site.
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Figure 7.7-7 - Lunar evolution ground processing flow for Shuttle-C ETO flight #4.

7.7.5. SSF Assembly Hangar

For the purposes of this study, the hangar configured

for processing two lunar evolution vehides in
parallel is shown in figure 7.7-8. This basic dual bay

hangar facility includes a pressurized operations
module (with cupola, RMS control station, and MPAC
consoles), a pressurized pocket lab (for shirt sleeve
maintenance on engines, turbopumps, etc.), a pressur-
ized crew transfer pod (similar to an SSF airlock to

permitcrew and equipment transfer between the
OEXP vehicle and operations module), and two

MRMS's to permit simultaneous vehicle processing.
The assembly hangar will provide monitor and con-

trol of all assembly/refurbishment tasks, vehicle
power, cooling, and fluids servicing. Vehide
berthing will be to a station interface adapter (SIA)
with rotational attachment, or to the pressurized

module docking node. Hangar requirements, with
scars to the Phase I Space Station, and operations
module requirements with associated scars are

provided in Appendix G. Also, living
accommodations for the assembly/refurbishment
work crew will be required.
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TABLE7.7-I-LUNAREVOLUTIONVEHICLEPROCESSINGFACILn'Y ASSESSMENT

Facility

PHSF

O&C (Hbay)

ESA 60 (Lab)

RTGF

V.P.F

SAEF-2

A.E.

A.O.

A.M.

LTV-P

v'

v'

(1,2)

(1)

(4)

(4)

(1,2)

(1,2,4)

LTV -C

v'

v'

(1)

(1)

(4)

(4)

(1,2)

(2,4)

LEV-C

v'

v'

(1)

(1)

(1)

(4)

(1,2)

(2,4)

LEV-P

v'

v'

(1)

(1)

v'

(4)

(1,2)

(1)

Habitat

Module

v'

v'

(1)

(1)

u'

(1,2)

i,,'

Selected P/L

Components

v'

v'

v'

v'

v'

v'

(1,2) (1,2) (4) (4) b_' b_'

S (1,2,4) (1,2,4) (1,2) (1,2,4) (1,2,4) b/'

ESA 60 (SAB) (1,2,4) (1,4) (1,4) (1,2,4) (1)

SSPF (1) (4) (1) (1) bl

CHPF (1). (1) (1) (1) (1) V'

(1)(1) (1)IHPPF (1)(I) v'

Nomenclature: = Facility will accommodate

Facility restriction(s): (1) Processing area too small
(3) 100k cleanroom not available

(2) Crane capadty insufficient
(4) Airlock door size too small

7.7.6 Conclusions and Recommendations

The On-Orbit Assembly/Servicing Task Definition
Study has applied KSC space vehicle processing ex-
perience and "lessons learned" to the estimation of
performing similar assembly, refurbishment, and
checkout operations of OEXP vehicles at Space
Station Freedom. This KSC ground processing

experience shows that processing space flights
vehicles is labor intensive. Consequently, it is
essential that the design of these vehicles and

supporting facilities and equipment be optimized to
facilitate on-orbit operations. Hardware design
recommendations are provided in table 7.7-III. Issues
and concerns identified during the study address
technical areas which require further research and
development. These include the propellant transfer

methodology, contamination control (SSF venting and

leakage, etc.), leak detection methodology, long-term
storage of cryogenics, reduction of cryogenic boiloff
(e.g. thermodynamic vent system), thermal
characteristics of LH2 in orbit, and the control of

slosh in cryogenic tanks (e.g. with baffles).

The On-Orbit Assembly/Servicing Task Definition
Study has generated a data base of on-orbit
assembly/refurbishment/checkout tasks, and their
associated timelines, manpower, and required
resources and facilities. These are being updated to
incorporate realistic EVA times and telerobotic
enhancements. This evolving data base will be
utilized to generate on-orbit processing flows and
requirements for the new OEXP vehicles and scenarios
being developed to build a lunar outpost and begin
human exploration of Mars.
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TABLE7.7-1I- LUNAREVOLUTIONKSCFACIIxrYIMPACTSSUMMARY

 nvtion

Available Facilities

- Bldg AM
- Hangar S
- RTGF

Anticipated Facilities
- CHPF
- IHPPF

New Facilities

- Payload Integration Fac.

- LTV-P Processing Bldg.

- LTV-C Processing Bldg.

- LEV-P Processing Bldg.

- LEV-C Process/ng Bldg.

HAB and miscellaneous payloads
HAB and miscellaneous payloads

RTG power (if utilized)

Miscellaneous payloads

Miscellaneous payloads

Vertical integration of payload components (150' x 75'

footprint high bay, 150 t crane, 300' hook height, airlock)

Non-hazardous processing (100' x 63' footprint high bay,
25 t crane, 45' hook height, airlock)

Non-hazardous processing (85' x 63' footprint high bay,
30 t crane, 45' hook height, airlock)

Non-hazardous processing (75' x 52' footprint high bay,
20 t crane, 45' hook height, airiock)

Non-hazardous processing (75' x 63' footprint high bay,
20 t crane, 45' hook height, airlock)

7.8 Issues and Summary

The major open issues that will impact the
accommodation of the Lunar Evolution case study are

(I) the optimum propellant storage techn/que on-
orbit, (2) a further definition of an acceptable

micrometeoroid/orbital debris protection level, and
(3) a refinement of the LTV processing requirements at

Space Station.
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Figure 7.7-8 - Lunar vehicle processing hangar concept for On-Orbit Assembly/Servicing Task Definition Study.
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TABLE 7.7-11L HARDWARE DESIGN RECOMMENDATIONS

Design of ORtYs for ease of EVA and/or telerobotic access is critical

Components should be certified for multi-mission operating life between refurbishment tasks
(gearbox oil, coolant loops, etc.)

On-board computers should be capable of automated fault detection and isolation (at least to
ORU level)

Vertical integration of cargo shroud (as opposed to a payload bay configuration) will simplify
cargo processing and allow larger and heavier payloads

Periodic maintenance and servidng requirements should be staggered in order to equalize work
load from mission to mission

Use quick-disconnect fluid (liquid &gas) connections

Standardize fasteners

Key connections and interfaces to preclude incorrect installation

Smart connectors and quick disconnects

Aerobrake designed for easy removal or access to support engine and tank R&R and testing

Modular waste management compartment
- Fecal material removed as a module

- Vomit collected as disposable waste
- Urine tank removal as a module
- Filters removed as waste

Cabin fans located for easy access

Resealable LIOH containers

Flight seats removable for refurbishment (similar to STS)

Damage resistant cold plate faces

Snap-in mounting of ORU's (except for guidance packages)
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SECTION 8

Case Study 5.0-
Mars Evolution

8.1 Case Study Requirements

The Space Station mission requirements as stated in
the SRD for the Mars Evolution case study are

presented below in table 8.1-I. Of special note is the
fact that the Mars Transfer Vehicle is not assembled

on Space Station Freedom, but is accommodated on a
free-flying, co-orbiting assembly fixture. Space
Station's main requirements are to house the
transient mission crew and Mars transfer vehicle

(MTV) assembly crew, support the advanced
development of Mars base and MTV systems, and
provide a life science research capability.

8.2 Time-Phased Space Station Freedom Growth

The Space Station Freedom evolution growth deltas
and the programmatic schedule required to support
the SRD mission requirements are provided in table
8.2-I and figure 8.2-1 respectively. Figure 8.2-2 shows
the number of launches required to deliver Space
Station Freedom's hardware growth elements to
LEO. It should be noted that it is highly unlikely
that Freedom will be able to evolve to delta 8 in time

to support a 2005 launch date if growth assembly is
limited to a Space Shuttle ETO capability. In

addition, further definition of the required life

science research program content and duration is
required from Code EB so that appropriate research
accommodation facilities can be provided by OSS.

Table 8.2-II, shows the currently understood Mars
Evolution resource requirements to conduct life science
and technology development research, and assemble
the MTV.

8.3 Growth Configuration Analysis

Based on the configuration analysis that was

discussed earlier in sections 6.3 and 6.4 the growth
configuration shown in figure 8.3-1 is recommended to
meet the above mission requirements. The
configuration is gravity-gradient stabilized,
minimizing control requirements, while providing the
appropriate facilities to conduct life science and

technology research. In addition, other potential
Space Station users, such as micro-gravity research,
astrophysics, and Earth sensing communities would
still have a suitable environment in which to

operate. Table 8.3-I provides an listing of the Space
Station growth elements and their masses required to
reach delta 8.

TABLE 8.1-L MARS EVOLUTION CASE STUDY SPACE STATION FREEDOM SRD REQUIREMENTS

o Provide capability to support advanced development systems for Mars base and space transportation.

o Provide capability for housing transient mission crew, support crew, and mission equipment.
- Transient mission crew:.

(Outbound)

- Transient mission crew:.
(Inbound)

- Mission support crew:.

- Mission equipment:

__n_ support mission crew of 5in _014 and beyond support mission crew of 7
Accommodate a crew of 7

Accommodate a support crew of 6, for up to 15 months, with
month tours of duty
p to 2014 accommddate TBD metric tons of cargo

Beginning in 2014 and beyond accommodate 10 metric tons of cargo

o No vehicle accommodation requirements

o Provide isolation of outbound crew and quarantine of Mars crews and samples returning
from first 2 missions.
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TABLE8.2-L-MARSEVOLUTIONCASE STUDY TIMF,-PHASED
SPACE STATION FREEDOM GROWTH DELTAS

A1 (2 - 25 kW) Solar Dynamic Modules; (2) 25 meter Transverse Boom Extensions; Space Based OMV

& Space Based OMV accommodations

A2 Upper/Lower Keels & Booms

A3 (1) Habitat Module; (2) Resource Nodes

A4 (2 - 25 kW} Solar Dynamic Modules; Servicin8 Facility Phase 1

A5 (1) Large Pocket Laboratory (Art-g); (1) Large Pocket Laboratory (CELSS); Servicing Facility Phase 2

A6 Life Sciences Laboratory Module; (2) Resource Nodes

&7 Phase 3 Servicing Facility (Completed CSF);

A8 (1) Large Pocket Laboratory (Quarantine Facility)

90 91 92 93

Space
Station
Freedom PDR FEL Mrc AC

90 91 92 93 94 95 96 97 98 99

94 95 96 97 98 99 00 Ol 02 03 04 05 06

O0 O1 02 03 04 _05 06

Space Station
Freedom Evolution [/////////////////J [

Delta 5 CELSS, Art.-g Operational

I
First

Launch

Node

Assembly
Fixture

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06

Phase B

Phase C/D

Mars Transfer Vehicle assembly and check-out

rrrrrrTI CELSS and Artificial Gravity Research activities

Figure 8.2-L - Mars Evolution Case Study programmatic schedule.

First
Launch
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HT

MarsEvolution
_CDat

Using Space Shuttle

Mars Evolution
Manifest

Using Shuttle-C

Mass

Volume

Mass

Volume

1 2 3 4 5 6 7 8 9 10 11

.........I.io

• - Greater than 90% of available launch vehicle mass/volume utilized for cargo deleivery

O - Less than 90% of available launch vehicle mas_volume utilized for cargo deleivery

Figure 8.2-2. - Earth to orbit manifest options for Space Station Freedom Mars Evolution Case Study
growth hardware.

TABLE 8.2-H. - MARS EVOLUTION CASE STUDY- SPACE STATION FREEDOM
RESOURCE REQUIREMENTS

Power
Average
Peak

Crew

Pressurized Modules
US Habitation

US Laboratory

ESA Laboratory

JEM Laboratory

Pocket Laboratory
Resource Nodes

Dual Keel

Servicing Facility

Power Modules

APAE

Location points for APAE

Tether Payloads

Ctm_nt Recommendation

175 kW

NA

18

2

2

1

1

3

8

Scar for distributed systems

Scar for facility and distributed systems

Scar for addition of power modules at boom ends

18

TBD

2
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ADDITIONAL

,-1 x- i
Z Z

IL,C_VlEBI_IEL AND BOOM

000000000-'_m @" cket Labora_._

Figure 8.3-1. - Mars Evolution Space Station growth configuration (Delta 81.

TABLE &3-L - ADDITIONAL SSF MARS
EVOLUTION ELEMENTS

Habitat

Life Sciences Lab_atory Module
Resource Node

CELSS Pocket laboratory
Arti/icial Gravity Pocket

Laboratory
Quarantine Pocket laboratory

Truss Bays

Utility Trays

Solar Dynamic Unihs

Servicing Facility

Attached Payload Accom.
Equipment
Thermal Radiators

Dockin8Mast

Total

I 23,s0o
1 34,700

4 31,200
1 10,2S0
1 10_S0

1 10,250

64 5,700

64 11,300

4 27,600

1 11,500

4 1,450

1 1,400

18S,400

8-4

&4 Marl Assembly Fixture Assessment

&4.1 Skyhook Tramport_onNode Study
Description

The purpose of the Skyhook transportation node (TI_
analysis activities was to design a minimal on-orbit
platform for the construct/on of Mars miss/on
vehicles. These activities were broken into four

separate tasks: literature search and data
correlation, node requirement and Mars vehicle
definitions, node and vehicle modelling, and "IN and
vehicle analysis.

The products of this study are:. a conceptual design of
a small, man-tended transportation node (Skyhook)
supporting the on-orb/t assembly of Mars vehicles, a
three dimensional solid model of the node, solid



models of simplified Mars piloted vehicle (MPV)
and trans-Mars injection stages (TMISs), five orbit
simulation results for the three major phases of

assembly, graphics depicting the solid models and
simulation results, and this report.

8.4.2 General Description of the Skyhook Node

Given Requirements

The basic requirements levied on the Skyhook
transportation node are:

• TN operation date in 2004

• no debris shielding provided by the TN for the
vehicle

assembly operations performed at the TN by
astronauts with automated assistance from

Mobile Remote Manipulator Systems, Mobile
Servicing Centers, etc.

man-tended (as opposed to permanently
manned) operations with support from an
operational space station

• pressurized volumes are required for logistics
equipment and crew safety (safe haven)

all assembly materials are transported to the
TN at time of construction via OMV, OTV,

HLLV, etc. - no large docking or storage
facilities (enclosed hangars, docking masts,
etc.) are needed.

In addition, several assumptions derived from the
Phase I and Phase 2 Transportation Node Studies
(JSC-23241 and LESC-26775, respectively) were used
in this analysis:

the TN must be controlled in order for proximity
operations, reboost, solar power collection, and
man-tended functions to be performed

the TN configuration should be symmetric in

the xz and yz planes to minimize gravity
gradient disturbances

monitor and utilize time and configuration

dependent torque equilibrium attitudes (TEAs) -
the TEA represents the flight attitude of the

spacecraft at which the environmentally
induced torques are minimized

utilize the passive control authority provided
by gravity gradient stability to reduce control
system requirements

minimize transfer of payload on and across the
TN by using OMVs to deliver construction

materials directly to the area of assembly

use symmetric power collection devices to
reduce product of inertia fluctuations caused by
sun-tracking rotations.

ConRmu'aflon Assurnption.q

While designing the Skyhook TN, several aspects
regarding the configuration were assumed for this
study. These assumptions were made to accommodate
the requirements stated above, provide a minimal yet
safe and operational platform, and perform the
desired assembly and construction functions.

Two space station pressurized modules were used to

provide the volume and redundancy necessary for
man-tended operations, embarkation to and from an

OMV, logistics and central operations support, space
suit storage and donning, and safe haven
arrangements.

A hyperbaric airlock was employed as the means of
transferring crew to and from the TN and allowing
the astronauts to leave the pressurized modules for
EVA and WA assembly and maintenance activities.

Eight solar panels and four thermal radiators were
used to provide the approximately 75 kilowatts of

power required by the pressurized modules, logistics,
avionics, and assembly equipment as well as thermal
control for the TN.

Photovoitaic panels were chosen over solar dynamic
collectors due to their low cost, ease of assembly
(deployable), symmetry, small payload volume and
mass, and flexible pointing requirements.

The truss configuration was designed to accommodate

Martin Marietta's Mars vehicle, provide enough
structure and stability for controllability, allow
sufficient room for assembly activities, and be

symmetric in the xz and yz planes.
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MPV

TMIS

RCSThrusterOuster

Tool & Suit Storage

HypeeoareAUk 
with OMV dockingring

Logistics & Safe Haven

ii
\ Solar Arrays

Telescoping Connection Rods

Figure 8.4-1. Skyhook Configuration with Mars Stack

Operation Assumptions

The attitude control system was comprised of reaction

control system (RCS) jets only. No momentum or
magnetic devices were added. The jets were chosen
because of simplicity, redundancy, commonality,

ability to control the changing TN configuration, and
a reduction in overall power requirements.

The TN had to provide sufficient pressurized volume,
control system authority, structural integrity, and
assembly support equipment so that no reliance on any
Mars vehicle component or subsystem was necessary
during the actual assembly activities.

Subsequent stages of the Mars vehicle assembly were
performed in the +z or "down" direction and
syrmnetric about the x and y axes. This construction
method insured that the gravity gradient stability of
the TN as a whole would be enhanced as the Mars

vehicle construction proceeded.

Man-tended assembly operations were supported by

an operational space station, OMV fleet, and
automated construction equipment on board the TN.
Construction materials and propellant were
delivered to the TN when needed.

The micro-gravity restrictions levied on the space
station were not applied to the Skyhook TN.
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Resultant Skyhook Node Cnnfltnn'ation

The resultant Skyhook TN configuration can be seen
in figure 8.4-1. Its overall dimensions were

approximately: 120 meters (long) by 135 meters
(wide) by 50 meters (deep).

It was comprised of:
88 bays of truss
2 alpha joints
8 photovoltaic panels
4 beta joint motor boxes
4 thermal radiators

2 pressurized Hab modules
1 hyperbaric airlock
10MV docking ring (on the top of the airiock)
8 RCS jet thruster cluster

The system mass and area properties for this
configuration were:
Skyhook mass ffi 89138.63 kg
surface area = 5823.063 m2

volume -- 648.5503 m3

avg. density = 137.4429 kg/m 3
c.g. = (0.0,0.0,-.52) m

(c.g. measured from the center of truss bay situated
directly beneath the airiock.)

moments of inertia:

Ixx = 8.788915E+07 kgm 2

lyy = 1.927381E+07 kgm 2

Izz = 7.238101E+07 kgm 2

products of inertia:

Ixy = 1450.156 kgm 2

lyz = 0.0 kgm2
= 0.0 kgm2

principal moments of inertia:

111 ffi 1.927318E+07 kgm 2

I22 = 7.238101E+07 kgm 2

I33 = 8.788915E+07 kgm 2

rotation angles from system to principal axes:
x = 90.00 degrees
y = 0.0 degrees
z = 89.9988 degrees

8.4.3 Skyhook Component Listing

The following mass properties were used in modelling
the individual components that made up the
Skyhook transportation node (flight #0) (Table 8.4-
I). Noted dimensions define geometrical shapes
which approximate the actual component. Volumes
listed are the actual volumes of the modelled

components and not necessarily those of the geometric
shape listed.

Truss Properties (per bay values) were as follows:
bay length
mass
outside strut diameter
inside strut diameter

Young's Modulus
Poisson's Ratio

density

= 5.0m

= 75kg
= 0.0508 m
= 0.047752 m
ffi2.5 E+I 1 GPa
= 0.3

= 4106.1700 kg/m 3.

TABLE 8.4-ISKYHOOK COMPONENTS

Entity Mass (kg) Volume length (or width (or
(m 3) height) diameter)

(m) (m)

thickness object type
(m)

Alpha Joint
Radiator

BetaMotor Box

Solar Panel

Hyperbaric Airlock
HabitationModule

ActiveControl

System
RCS Jet

176.01 0.5166 0.075 3.0
4306.38 21.70 15.0 2.92

2.92 2.92

838.915 11.501 30.0 9.676
7377.190 62A61 5.452 4.42

23475.0 189.02 13.564 4.42
364.088 3.397 2.00 1.00

0.990 0.1016
0.750

(cylinder)
0.098 (rectangle)
2.92 (rectangle)
0.419 (rectangle)

(cylinder)
(cylinder)

1.00 (rectangle)

(cone)
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8.4.4SkyhookSubsystems

Power- The power for the "IN was provided by eight
photovoltaic solar panels with thermal control
provided by four radiators. These eight panels
generated approximately 75 kilowatts of power for
the TN's subsystems. They were allowed to track the
sun with both alpha (rotating with the power boom)
and beta (rotating about the center of the panel)
rotations while the radiators could anti-track only in

alpha since they were rigidly attached to the boom.

- While communications would be an

important part of any orbiting platform - especially a
man-tended one - this subject was not addressed

during the initial study.

- The Skyhook control system
contained eight strategically located clusters of RCS

jets. Each cluster possessed six jets mounted parallel
to the system axes (+x, -x, +y, -y, +z, -z). The jets
were capable of providing 20 N of force each with an
ISP of 350 sec. The attitude commanded of the control

system was +- 5 degrees from the steady-state TEA
for each configuration.

Habitation- Although the astronauts lived at the
space station, short-term habitation facilities
existed in the form of two pressurized modules and an

interconnecting airlock. These modules provided the
following capabilities at the "IN: spacesuit storage,
maintenance, and donning; vehicle loading and
unloading; logistics and avionics support for the TN;

proximity operations and rendezvous control in the
vicinity of the "IN; emergency medical and safe
haven assistance; tool and equipment storage; and
centralized assembly operations (a "foreman's
shack").

Vehicle Doekin_ - Since it was assumed that all
v

construction materials were delivered to the TN as

they were needed, only a simple docking facility for
the crew was needed. The OMV delivering
astronauts to the TN docked to the docking ring on top

of the hyperbaric airlock and remained there (unless
used for other work at the TN) until the astronauts

departed. The location of this ring allowed the crew

to perform a shirt-sleeve transfer from the OMV to
the operations or equipment modules at the TN.

- Assembly activities at the TN were
assisted by numerous automated pieces of construction
equipment. This equipment was not modelled for this
conceptual analysis but would include : two large
Mobile Servicing Centers (MSCs) with pressurized

cupolas and dual Remote Manipulator Systems
(RMSs), several smaller Mobile Remote Manipulator

Systems (MRMSs), and telescoping attach rods with
universal grapple fixtures to attach each piece of the
Mars vehicle to the TN structure (see figure 8.4-1).

&4.5 Mars Vehicle Description

The vehicle used as a design driver for the Skyhook

configuration and as the vehicle assembled at the "IN
for the simulation activities was a simplified version
of the Mars vehicle designed by Martin Marietta for
the OEXP Mars Evolution Case Study. This vehicle

was comprised of a Mars Piloted Vehicle (MPV) plus
a 4 stage Trans-Mars Injection Stage (TMIS) stack (see

figure 8.4-2.).

The overall dimensions of the MPV (Flight #4) were

approximately: 20 meters (long) by 35 meters (wide)
by 35 meters (deep).

It was comprised of:
I composite aerobrake
2 composite pressurized Hab modules
1 composite toroidal tank
I composite Earth Crew Capture Vehicle (ECCV)
I composite Ascent/Orbit Transfer Propulsion

Module (AOTPM)

The mass and area properties for the MPV were:
MPV mass = 231080.0 kg
surface area = 2927.386 m 2

volume = 962.5367 m 3

avg. density = 240.0739 kg/m 3

c.g. = (0.0, 0.0, -.76) m

( c.g. measured from the center of the top circular
plane of the aerobrake.)
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Figure8.4-2.

moments ofinertia

Ixx = 9.237621E+06 kgm 2

Iyy = 5.549888E+06 kgm 2

Izz = 10.91878E+06 kgm 2

products of inertia:

Ixy = o.o _m 2
Ixz = 0.0 kgm 2

Iyz = 0.o _m 2
principal moments of inertia:

I11 = S.549888E+06 kg m2

I22 = 9.237621E+06 kgm 2

I33 = W.9m78E+06 kgm2

rotation angles from system to principal axes:
x = 180.0 degrees
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Mars VehicleStack

y = 0.0 degrees
z = 90.0 degrees

The overall dimensions of each TMIS (used to create

the stack in Flight #7) were approximately: 11
meters (long) by 11 meters (wide) by 11 meters (deep).

Each one was comprised of:
I composite liquid hydrogen tank (including

propellant)
6 composite liquid oxygen tanks (including

propellant)
I composite engine

The mass and area properties for each TMIS were:
TMIS mass = 136596.0 kg
surface area = 450.9360 m2

volume = 387.4559 m 3



avg.density = 352-5459kg/m3

c.g. --- (0.0, 0.0, 3.72) m

( c.g. measured from the center of the cylindrical
portion of the hydrogen (upper) tank.)

moments of inertia:

Ixx = 1.254938E+06 kg m 2

lyy = 1.254895E+06 kg m 2

Izz = 1.441218E+06kg m2

products of inertia:

Ixy = O.Okgm 2

Iyz = 0.0kgm2
Ixz = O.Okgm 2

principal moments of inertia:

Ill = 1.254895E+06 kg m 2

I22 = 1.254938E+06 kg m 2

I33 = 1.441218E+06 kg m 2

rotation angles from system to principal axes:
x = 180.0 degrees

y = 0.0 degrees
z = 90.0 degrees

The overall dimensions of the entire Mars vehicle

(MPV plus 4-stage TMIS stack) were : 65 meters
(long) by 35 meters (wide) by 35 meters (deep).

It was comprised of:
1 composite aerobrake
2 composite pressurized Hab modules

1 composite toroidal tank
1 composite ECCV
1 composite AOTPM
4 composite liquid hydrogen tank (including

propellant)
24 composite liquid oxygen tanks (including

propellant)
4 composite engine

The mass and area properties for the Mars vehicle
were:

Mars vehicle mass

surface area

volume

avg. density
c.g.

ffi 777464.0 kg
= 4731.132m2
= 2512.360 m 3

= 309.4557ka/m3
= (0.0,0.0,19.83)m

(c.g. measured from the center of the top circular

plane of the aerobrake.)

moments of inertia:

lxx = 2.410561E+08 kg m 2

lyy = 2.373682E+08 kg m 2

Izz = 0.166836E+08 kg m 2

products of inertia:

lxy = 0.0 kgm 2

lyz = 0.0 kg m 2

Jxz = 0.0kgm2

principal moments of inertia:

I11 = 0a66836E+08kgm2
I22 = 2.373682E+08 kg m 2

133 = 2.410561E+08 kg m2

rotation angles from system to principal axes:
x ffi 0.0 degrees

y = 270.0 degrees
z = 0.0 degrees

&4.6 Mars Vehicle Assembly Sequence

The Mars vehicleassembly sequenceused asa

baselineforthisstudy was definedby Eagle

Engineering's(aMartin Mariettasubcontractor)

flightmanifest.That manifestisreprisedhere for

completenessand reference.Eagleassumed thata

largeEarth-to-orbitpayload carrier(ShuttleZ)
would be availableand couldcarrynearly125 metric

tonstoLEO. The complete Mars vehiclewas then

builtin seven flightsofthislargecarrier.

For the purposes of this study, however, additional
assumptions were applied to areas of Eagle's flight
manifest where either the information was based on

assumptions not used in this study or the level of
detail was greater than that currently applied.
Consequently, the three sections following Eagle's
manifest define the actual vehicles and systems used

during all phases of simulation performed on the
Skyhook TN. (Note: all masses below are given in
metric tons)
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Fli_mht#1 Mass
Aerobrake/Hub/TEIS 31.21

MOC/EOC Aerobrake

CentralDocking Hub

Dry TEIS tanks

Dry TMIS 12.60
02 80.59
Total 124.40

Flight#2 Mass
TEl Engine Clusters 0.87
Solar Panel Kit 0.28

Habitation Support 1.50
Beam Structure (included)
Communication Dish Farm 0.15
ECCV Aerobrake 1.OO

Dry TMIS 12.60
02 18o.oo
Total 124.40

13.00
3.00

15-91

Fli_t #3 Mass
HabitationModules (2) 69.09

Modules 34.00

ArtificialG Structure 2.25

Artificial G Propellant 3.39
DMS 0.30
Internal Com/EPS/TCS 1.80

Life Support System 1.40
Radiation Shelter Shielding 2.00
External TCS 0.30

Space Suits 0.35
Tanks for Crew Consumables 0.76
ISE 0.30

RCS (with biprop) 6.31
Airlock 0.30

Hyperbaric Airlock 0.35
Crew Consumables 15.28

Dry TMIS 12.60
02 42.7"[
Total 124.40

Flight #4 Mass
Phobos Excursion Vehicle 9.27
Deimos Excursion Vehicle 5.31

MRSR 3.5
Satellites 7.5

Dry TMIS 12.60
02 86.22
Total 124.40

l_i_ Mass
Dry TMIS 12.60
02 111.80
Total 124.40

#6 Mass

Dry TMm 12.60
02 111.80
Total 124.40

lqimht #7 Moss
Dry TMIS 12.60

H2 Storage Tank (wet) 111.80
Dry H2 Tank 22.36

99,44
Total 124.40

TotalVehicle M_

Dry MPV 129.68
Dry TMISs (7) 88.20
02 541.12
H2 89.44

H2 Stora_ Tank 22.3_
Grand Total 870.80

Total Mass TransportedtoTN Mis$$
MPV 231.08

Dry MPV 129.68
02 (TEIS) 86.91
H2 (TEIS) 14.49

TMIS Stack 546.45

Dry TMISs (4) 50.40
02 (TMIS) 425.19
H2 (TMIS) 70.86

Margin 93 -97
02
H2

H2 Storage Tank
DrvTMISsO)

Gmn_i Total 870.80

29.02
4.09

22.36

37.80
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Figure8.4-3.Flight#0 Skyhook Configuration

Simulated Flitht #0 - The first simulation was
v

performed on the Skyhook configuration alone.

Figure 8.4-3 shows an isometric view of this 'IN. On-
orbit flight orientation was: x in the direction of

flight, z pointing towards the center of the earth, and
y (the power boom) perpendicular to the orbital

plane (also referred to as a Local Vertical/Local
Horizontal (LVLH) orientation). The small TEA

offset (.0016 ° , -.7487 °, .0012 ° in x, y, and z,

respectively) did not noticeably affect the flight
orientation.
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Figure8.4-4.Flight#4SkyhookConfiguration

Simulated Flight #4 - The Skyhook "IN plus a
modified version of Eagle's Flight #4 was simulated
next. In addition to the T1M,an MPV was added to

the system. Unlike Eagle's manifest, though, the
four TMISs, 02 storage tank, and propellant oxygen
were not placed on the system since there was some

question as to whether long term cryogenic storage for
propellants was to be provided by the TN. This is an
example of a Martin/Eagle assumption not being
reflected in this study.

Figure 8.4-4 demonstrates this modified Flight #4
configuration. On-orbit flight orientation was the
same as for Flight #0, however, the TEA offset was
slightly different due to the addition of the MPV to

the system (-.0052 °, .7280 o, .0016 ° in x, y, and z,
respectively).
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Figure8A-5.Flight#7SkyhookConfiguration

Simulated FliF_ht #7- In Eagle's manifest, Hight #7
defines the enc] of hunches to the "IN for Mars

vehicle assembly. For this study, Plight #7 has been
modified so that the 02 storage tank, the I-I2 storase
tank, the extra TMIS stages, and the additional

propellant are not modelled as part of the system for
the reason mentioned above. Instead, this flight

represents the condition of the TN and Mars vehicle
after assembly operations have been completed and
the TMIS stack has been fueled.

Figure 8.4-5 shows the configuration defined by

Hight #7 for this study. Again, on-orbit flight

orientation is nearly the same as that for Flight #0
and Flight #4. In this ease, the TEA offset was

(.0025 o, .2363 o, .0013 °) in x, y, and z, respectively.

8.4.7 Mars Vehicle Component Listin8

MPV Components - The following components, table
8.4-U, were used in modelling the MPV vehicle for

the Skyhook TN study (modified Flight #4). Masses
are expressed in kilograms, volumes in cubic meters,
and approximate geometric shape dimens/ons in
meters.
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TABLE8.4-II MARSVEHICLECOMPONENTS

Entity Mass (kg) Volume length width
(m 3) (height) (diameter)

(m) (m)

ob ct type

I-lab Module
ECCV

AOTPM

Aerobrake

Toroidai Tank

34545.0 189.02 1356 4.42
5310.0 20.32 3.66 1.52

3.66
9270.0 339.14 6.26 3.66

9.14
25779.9 48.70 5.65 0.00

34.11
121630.0 176.33 4.5 3.77

(cylinder)
(cone)

(cone)

(cone)

(cylinder)

The definition of major IVlPV componeslts also
contained minor, unmodeiled compon_t masses in
order to reduce the complexity of the solid modelling
activities. The total I-Iab Module mass cited above

included masses for the following componen_

TEI Engine Ouster 870

Central Docking Hub 3000
Dry Tanks 15210
Com. Dish Farm 150
ECCV Aerobrake 1000

Modules 34000
Artificial G Structure 2250

Artificial G Propellant 3390
DMS 300
Internal Com/EPS/TCS 1800

Life Support System 1400
Rad. ShelterShielding 2000
External TCS 300

Space Suits 350
Tanks for Crew Consum. 760
ISE 300

RCS (with biprop) 6310
Airlock 300

Hyperbaric Airlock 350
Crew Consumables 15280

The toroidal tank mass above reflects a propellant
mass of 101400 kg in the tanks as well as the
following:

The onlyotherMPV component which had composite
mass added toitwas thelargeaerobrakewhich

included thefollowing components:

MOC/EOC Aerobrake 13000
Solar Panel Kit 280

Habitation Support 1500
MRSR 3500
Satellites 7500

TMIS Components - Tank masses listed in table 8A-

IIl included the total mass of propellant required for
Mission I of the Mars Evolution Study Case (Case 5).

Each 02 tank dry mass was modelled as 511.0 kg, and
the H2 tank dry mass was assumed to be 5,822.0 kg
(giving 8,888 kg as total dry tank mass for each
TMIS). The total propellant carried by the entire
TMIS stack was 495,050.0 kg. This propellant mass

was divided equally among the four TMIS stages
comprising the stack (used in the modified Hight #7
simulation).

TABLE 8AoIII TMIS COMPONENTS

Entity Mass (kg) Volume length width
(m 3) (height) (diameter)

(m) (m)

obm't type

H2 Tank
02 Tank

23542.0 313.88 3.98 10.06
18224.0 10.84 3.47 2.26

3710.0 8.56 3.55 2.5
3.55

(cylinder)
(cylinder)
(cone)
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8.4.8SkyhookGrowthOptiona

Multiple Tranaportatinn Nod_

Due to the low mass of Skyhook (approximately 90
metric tons), the construction of more than one of these
TNs is feasible. This would allow for an overall

system redundancy (payloads need not be delayed due
to problems at a given TN - simply diverted to
another) and flexibility (TNs in different orbits to

optimize Mars trajectory options). Multiple Mars
vehicles could then be serviced, refurbished, and

assembled simultaneously without the activities of
one interfering with those of another.

Expanded Sin_lp T_-an_oorfation Node

However, it might be desirable to utilize the existing
"IN for both assembly and refurbishment activities to
minimize mass to LEO, orbiting platforms, or logistics
and manifesting functions. In this case, additional
truss can be placed on the Skyhook TN to
accommodate a returning MPV. This additional
structure would be added at the bottom of the TN and

have the same size and configuration as the MPV
enclosure near the top of the TN.

If an entire second vehicle was required at a single
"IN, then the additional structure would still be

placed at the bottom of the first TN but its truss
configuration would mirror that of the MPV and
TMIS stack enclosures above. With the exception of

the modules, power boom, and power collection
devices this configuration would appear as two
Skyhooks connected end-to-end.

8.4.9 Simulation Results

Each of the three modified flights (Flight #0, Flight
#4, and Flight #7) were simulated for five orbits
(28,350seconds)usingSPASIS. The operational date
was March 21, 2004. The simulation was initialized
for a circular orbit at an altitude of 500 kin. Control

system deadbands were set to the predefined +- 5.0
degrees and the panels were allowed to track the sun
during the entire orbit (no feathering in the Earth's
shadow was modeled).

Skyhook Node (flight #0} - Minor changes to the

TN's mass properties were caused by the articulation
(rotation due to tracking activities) of solar arrays
and radiators. Cyclic center of mass deviations of
+0.8 mand +0.6 m were seen in the x and z axes,
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respectively, due to this articulation. The gravity
gradient torque experienced by the 'IN, while
affected by these cyclic articulation perturbations,
was more strongly influenced by the TN's tendency to
rotate about its roll (x) axis. Gravity gradient torque
was largest in the roll axis, oscillating between +12.5
and -12.5 N-m. The control system was moderately
active during the five orbit simulation, keeping the
TN's attitude within +- 4.5 degrees of TEA. RCS

torques of up to 2,100 N-m (magnitude) were
experienced in the pitch (y) axis while less than
2,000 N-m of restoring torque was experienced in the
other two axes.

Although the control system activity was only
moderate, the Skyhook TN alone experienced the
highest control system activity of the three
simulations. For the five orbitssimulated, this

configuration required 14.54 kg of fuel to remain
within the desired +- 5 degree attitude deadbands_
@dOTE: a non-optimal jet selection logic is currently
employed in SPA.SIS. Consequently, fuel use figures
should be used only as an overall measure of RCS jet

activity and not for optimization purposes or
comparison with other simulations.)

The figures in Appendix H display some of the actual
five orbit simulation output discussed above. Note
the non-cyclic nature of the roll attitude error and
gravity gradient torque.

Skyhook with MPV (flight #4} - With the addition

of the Mars Piloted Vehicle mass to the system, the
TN's gravity gradient stability characteristics were
enhanced. Even with the addition of +231,080 kg, the
TEA did not change significantly. Articulation of
solar panels did not affect the center of mass location
as had been seenwhen the MPV was not attached

(Flight #0). The center of mass translated +10.0
meters down the 1"hi(in +z) while the x and y
components remained unchanged. Gravity gradient
torque still remained highest about the roll axis.

Although the overall oscillations in roll ranged
between -3.0 and +10.0 N-m, the system again

experienced an instability in that axis which had to
be overcome by the control system. The y component
of gravity gradient torque incr_ to between -12.5
and +8.0 N-m but oscillated about 0.0. RCS activity
was less since the "IN was made more stable due to

the additional MPV mass. RCS jets supplied higher

torques (from -3000 to +3000 N-m) but less often in the
y and x axes. The TEA was maintained to within +-
4.4 degrees.



The reduction in control system activity was
confirmed by the decreased fuel used during the five
orbits. Only 6.53 kg of fuel was needed to hold the
Skyhook plus MPV configuration within the

prescribed attitude deadbands.

The figures in Appendix H represent some of the
simulation data obtained during the Flight #4

analysis activitie_ Note the rise to and subsequent
hold of +9.0 N-m of gravity gradient torque in the
roll axis.

_;]_yhook with MPV and TMIS Stack (fli_ht #7) -
The addition of the TMIS stack (+546,384 kg) greatly

altered the mass properties of the system, such that
the intermediate inertia axis changed from the z axis
to the y axis. By reordering the inertia properties of
the system in this way, all axes experienced gravity
gradient torques that, although greater in magnitude,
oscillated about 0.0. This, in turn, corresponded to
even greater gravity gradient stability for the
system. The largest gravity gradient torque was
experienced by the pitch axis and ranged from +35.0
N-m to -40.0 N-m.

The unstable attitude axis changed from roll to yaw
due to the large mass property changes associated
with the complete Mars Vehicle being added to the
system. Consequently, the gravity gradient
disturbances were not nearly as perturbing as they
bad been during the earlier two simulations. This
was because gravity gradient torques are much more
disturbing to roll and pitch than yaw.

The same control system used in the Flight #0 and
Flight #4 simulations was able to control this larger
system to within +- 1.0 degree in the roll and pitch
axes. The unstable yaw axis deviated to a larger
extent but still remained within the desired +- 5.0

degree deadband. Fuel usage for this configuration
was even smaller at 3.39 kg for five orbits. This
confirmed the observation that as the Mars vehicle

was assembled at the Skyhook TN, overall system

controllability and stability were enhanced.

The figures in appendix H demonstrate the some of
the simulation data referred to in this discussion.

Note the yaw instability in the YPR Attitude Error
plot.

8.4L10 Configuration Guidelines

Based on this study and its predecessors, the

following guidelines are recommended for the design
of orbiting TN configurations. Some of these are a
reaffirmation of the assumptions levied at the
beginning of this design activity while others are
new based on the results contained within this report.

• TN Should be Gravity Gradient Stable with Two
v

Planes of Symmetry.

Gravity gradient stability reduces the reliance on
control systems for restorative torques and thus

reduces on-orbit propellant requirements. Symmetry
which minimizes the Ixz and Iyz products of inertia,
the major contributors to gravity gradient induced
disturbances, will in turn minimize control system
activity.

• Locate Assembly Activities Near TN (_n|_r of

Assembly areas and activities should be located near
the TN's center of mass to reduce mass property
changes to the system. Controlling mass property
fluctuations will minimize gravity gradient and
micro-gravity induced disturbances inherent with
time variant configurations.

• Minimize Payload TransferDistance.

Again, the purpose of this recommendation is to
reduce the impact of assembly activities on the TN's
mass properties. The larger the payload, the more
important this restriction becomes.

• Separate Docking Facilities for Crew and
Payload Deliwri_.

Safety, redundancy, and mass property fluctuations
all play a part in this recommendation. The separate
docking facilities remove the crew from the payload
docking area hazards. If one docking facility is
damaged the other could be used for the alternate
function. Payload facilities could be located near the

assembly area to minimize the impact of material
delivery on the mass properties and attitude of the
TN.

Sta_e_r Power Collectin_ Devices to Minimize
Mass and Area Property Fluctua0on_.

8-17



Themostoftenmovedpieceofequipmentonan
orbiting platform is its power collection devices. By
designing symmetric power systems, the Ixz and Iyz
product of inertia fluctuations induced by articulation
are minimized. Additionally, projected area changes
are minimized which reduces the oscillations of

aerodynamic

Provide Sufficient Structure to Ensure Structural

Integrity and Controllability During all Phases
of Assembly and _Operations.

In order for the TN to provide power for operations
and logistics, accurate tracking of power collecting
devices is necessary. In order for OMV's, OTV's,
HLLV's, Orbiters, and other cargo or crew carrying
vehicles to dock with the TN, it must be in a stable
orientation. In order that extended on-orbit

operations can be performed, reboost operations must
be considered which in turn require predictable
attitudes and rates. Consequently, the TN must be

controllable during all phases of the assembly
activities. Given that the "IN must be controlled

(within a reasonable margin), sufficient structural

integrity must be provided so that stresses due to RCS
and reboost jet firings do not adversely affect the TN
or the vehicle being assembled.

• [dlow Gravity Gradient Toroue to Restore Roll
lind Pitch Disturbances.

Utilize the passive control authority provided by
gravity gradient stability to reduce control system
requirements. This reduces the reliance on delivered
propellant and simplifies avionics and control system
design.

• Control the "IN Within a Minimal Deviation
from the Current TEA.

For proximity operations, reboost, power collection,
and man-tended functions to be performed efficiently,
the TN must be in a controlled attitude. The +- 5

degree attitude deviation levied by the space station
program accomplishes that without introducing large
control requirements or rates to the system.

8.5. Mars Vehicle Assembly

As was described in section 7.7 of the Lunar Evolution

case study, the determination of on-orbit vehicle
assembly and processing requirements is of extreme

importance in designing a proper Space Station
growth configuration.

• Design for Safe Manned Overations.

Ensure safe manned operations (man tended or

permanently manned) by providing sufficient
pressurized volumes, automated assembly equipment,
and redundancy in both systems. Current space
station safety guidelines require at least a safe haven

capability for a man tended platform with a
complete crew escape capability for a permanently
manned one.

8.4.11 Operation Guidelines

• Monitor and Maneuver to TEA.

Based on the nature of the OEXP study structure the
Mars Transfer Vehicle (MTV) used for this analysis,
refered to as the Phobos Gateway vehicle, was

originally developed during the FY88 analysis
process. It was determined that while this vehicle is
not exactly the same as the MTV presented in
Volumes I and II of this Annual Report, it is well

within the appropriate class of vehicle (chemical-
aerobrake system, approximately 1000 t in mass, etc.)
required to perform a manned Mars mission. In
addition, the ETO launch scenario was taken from an
earlier version of the SRD in which the manned

portion of the MTV was assembled on Space Station
Freedom (figure 8.5-1).

By maneuvering to a time and configuration
dependent TEA, environmentally induced
disturbances can be minimized for any phase of the

assembly operations

• Minimize Movement of Large Masses at the "IN.

Following this guideline reduces mass and area

property fluctuations during assembly operations.
These operations should be planned and carried out

accordingly.

The OEXP Phobos Gateway vehicle (figure 8.5-2) and
Shuttle Z launch system (figure 8.5-3.) were
examined for similarities to the Strawman vehicle

discussed previously in section 7.7.2. Where
differences were found, we went back to our KSC data

and experience base to find appropriate analogies.
The overall on-orbit flow is shown in figure 8.5-4.
Detailed subtask flows are provided in Appendix I.
All vehicle elements were assumed to be delivered to

SSF in time to support continuous assembly of the

vehicle. All hypergolic propellant loading and
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Figure 8.5-L - Mars vehicle processing hangar concept for On-Orbit
Assembly/Servicing Task study.

HabModules ECCV

RCS PhEV

MOOS 51' ,MDV

MDVAerobrake
MarsAerobrake (Folded}

Figure8.5-2.- MarsPhobosGatewayvehiclefor On-OrbitAssembly/ServicingTaskstudy.
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lob# Nan_

1.0 Aerobrake Receive / Assembly / Test

2.0 Piloted Vehicle Stacking

3.0 Integrated Testing

4.0 TMIS Mate into Cluster

5.0 Vehicle Closeout / Mate with TMIS Cluster

6.0 Countdown

Work Shifts

I I I I I I I I I I I

I
47 ::.:

TotalRefurbishment= 96.5Shifts

i I I I I I i

I

3.5 D

Figure 8.5-4. - Mars Phobos Gateway on-orbit overall flow.

ordnanceinstallationoccurson theground. The

pilotedvehicleisassembled atSSF,the threeman

flightcrew ingresses,and thevehicleistransferred

toa propellantdepot by an advanced OMV. The
threeTMIS stagesarelaunched wet and clustered

remotelyatthe propellantdepot. The piloted

vehicledocks with theTMIS cluster,and cryopro-

pellantloadingoftheTEIS stagesoccursatthe

propellantdepot. The fullyassembled/fueled

vehicleisthendeployed tothe launchpositionwith

theadvanced OMV. The transitiontablesprovided

inAppendix Jwere conceivedasan accountingtableto

providetraceabilityforon-orbitserialtimesand
man-hours foreachtaskfrom itsanalogousground

task.Serialtimeand man-hours forthe"ground
half"of the transitiontablearebased on the

referencedKSC procedures(OMl'sfor

Shuttle/Spacelab,LPD's for Delta).

On-orbit resources required to process the Phobos
Gateway vehicle provided in Appendix K are
categorized under the SSF location or system where
the resource is found. These resources were identified

from known specifications, SSF system designs, and
projected interface requirements. Support equipment
for each major processing phase was derived from the
same KSC ground procedures used to find analogous
vehicle processing tasks. These test procedures

identify the type of electrical and mechanical
support equipment, and fluid/gas resources required
for each task. A separate resource listing for
contingency and emergency operation is also
provided. These resource requirements provide the
basis for determining the assembly hangar
configuration and SSF Phase 1 hooks and scars.

The overall Phobos Gateway piloted vehicle KSC
ground processing flow is shown in figure 8.5-5.
Ground processing and hazardous operations are
baselined for 8 hours per day, 5 days per week. The
launch operations are continuous 24 hour days. Table
8.5-I shows which current and planned KSC facilities
can accommodate processing of various Phobos
Gateway elements. Figure 8.5-6 shows the various
facilities and their location. Facility characteristics

and planned utilization are shown in Appendix L.
Proposed usage of these facilities for Phobos

Gateway, along with new facilities required, are
summarized in table 8.5-H. An 1000 estimated

personnel (engineers, technicians, and support) will
need to be housed at the launch site.

Specific Phobos Gateway Manifest recommendations

which would save 30% of the on-orbit assembly time
are given in table 8.5-III.
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Note: Schedule Does Not Provide for Contingencies

c_._dr__ [--I_dousO_ Launch OPS

Figure 83-5- Mars Phobos Gateway- hunch processing flow summary.

8.6 Issues and Summary

While the SRD specified the use of a free-flying

assembly platform, a trade must be conducted in the
future to assess the opUmum location for assembling a

Mars class transfer vehicle. While Space Station
could probably accommodate the assembly of the
MTV it would come at the expense of other Space
Station users. Additional study is required to
quantify these impacts to all Space Station users
versus the cost of providing a separate assembly
platform.
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TABLE8.5-I-MARS PHOBOS PILOTED VEI-IICLE PROCESSING FACILITY ASSESSMENT

Facility

ESA 60 (Lab)

RTGF

MOC_

(1,2)

(1,3)

MDV

(1)

(1,3)

PhEV

(1)

(1,3)

TEIS

(1)

(1,3)

v'

Habitat

Module

(1)

RCS

(4 quads)

(2)

(1,3)

ECCV

(1,2)

(1,3)

MOOS

(4 pods)

V'

(1,3)

PHSF (1) (4) I/ b/ I/ b/

O&C (Hbay) b/ b/ I/ I/ I/ I/ b/ b/

V.P.F. (1) (4) _ _ _ _ I/

V.A.B. (3) (3) (3) (3) (3) (3) (3) (3)

CRYO#1 (3,4) (3,4) (3,4) (3,4) (3,4) (3,4) (3,4) (3,4)

CRYO#2 (3,4) (3,4) (3,4) (3,4) (3,4) (3,4) (3,4) (3,4)

SAEF-2 (1) (4) (4) _ i/ b/ b/ i/

A.E. (1,2) (1,2) (1,2) (1,2) (1,2) b/ i/ b/

A.O. (1,2,4) (2,4) (2,4) (1,4) (1) i/ b/ b/

v'(1,2)A.M° (4) ,/(1,2) (4)(4) v'

S (1,2,4) (1,2,4) (1,2) (1,2,4) (1,2,4) I/ (1) b/

DSTF (1,2,3,4) (1,2,3,4) (1,2,3,4) (1,2,3) (1,2,3) (1,2,3) (1,2,3) (1,2,3)

ESA 60 (SAB) (1,2,4) (1,4) (1,4) (1,2,4) (1,2,4) (2) (1,2) b/

SSPF (1) (4) b/ b/ _ b/ b/ I/

CHPF (1) (1) (1) I/ b/ b/ I/' b/

v'V'(1) v'(1)IHPPF V'(1)

Nomenclature:

Facility restriction(s):

_'-- Facility will accommodate

(1) Processing areatoosmall
(3) 100k cleanroom not available

(2) Crane capacity insufficient
(4) Airlock door size too small
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TABLE8.5-II- MARS PHOBOS VEHICLE KSC FACILITY IMPACTS SUMMARY

Facility Status
Available Facilities

- Bldg AM
- Hangar S

Function

ECCV non-hazardous processing

MOOS and RCS module non-hazardous processing

Anticipated Facilities
- CHPF

-IHPPF

TEIS and Habitat module non-hazardous and hazardous

processing
TEIS and Habitat module non-hazardous and hazardous

processing

New Facilities

- Payload Integration Fac. Vertical integration of payload components (150' x 250'
footprint high bay, 150 t crane, 200' hook height, airlock)

- MOCS Processing Bldg. Non-hazardous processing (128' x 128' footprint high bay,
50 t crane, 45' hook height, airlock)

- MDV Processing Bldg. Non-hazardous processing (68' x 68' footprint high bay, 30 t
crane, 45' hook height, airiock)

- PhEV Processing Bldg.

I

Non-hazardous processing (58' x 58' footprint high bay, 20 t
crane, 45' hook height, airlock)

TABLE 8.5.111. - VEHICLE DESIGN/MANIFEST TO REDUCE ON-ORBIT PROCESSING

Present Approach
Launch #1 Manifest

MOCS (aerobrake) only

Proposed Approach
Launch #1 Manifest

Right Assembled MOCS/
MOOS (fueled)

lustification

Forty foot diameter P/L bay 110 ft long
will allow stacking arrangements which
eliminates current need for on-orbit

assembly ofMOOS toMOCS. Estimated

on-orbitsavings:12shifts/352man-hours

Launch #2 Manifest

MDV, PhEV, TEIS, MOOS

Launch #2 Manifest

Flight assembled and fueled
MDV, PhEV, (adapter) and
ECCV plus 2 side by side
unfueled TEIS stages

Forty foot diameter P/L bay 110 ft long
will allow tandem launch stacking
arrangement which eliminates on-orbit
assembly and a portion of the on-orbit
checkout for MDV, PhEV, and ECCV.

Estimated on-orbit savings: 5 shifts/
112 man-hours

Launch #3 Manifest

Side by side habitat
modules, RCS and ECCV

Launch #3 Manifest
Tandem habitat modules
with fueled RCS modules
assembled to them and

checked out for flight

Tandem stacking allows ground
installation of fueled RCS modules
on habitat modules. Procedures eliminate

on-orbit assembly and a portion of the
on-orbit checkout. Estimated on-orbit

savings: 12 shifts/304 man-hours

Total Savings = 29 shifts = 30% of total on-orbit processing time
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SECTION9

Technology Needs

9.1 Preliminary Technology Assessment Review

From a review of material presented in studies
related to the OEXP transportation node activities
and the SSF Transition Definition studies work, top
level technology needs have been identified and are
shown in table 9.1-I. In general, these needs were
found to be comraon to both the LEO node function and

the R&D growth evolution station with differences
between the two primarily in the "magnitude" of the
system or the operational function the need supports.

From an Earth orbital node view point, it was found
that the technology drivers identified in this study
were relatively insensitive to the particular case
study under analysis. The following discussion will
apply to all of the case studies' technology drivers
unless there was some issue unique to a particular
case. Generally, the only major differences in the
technology drivers for the case studies were in the

particular need dates. That is, the technology
readiness requirements were keyed to the particular
case study's program schedule.

With the exception of the Mars Expedition Case
Study, all of the missions analyzed in the report
included multiple missions with varying degrees of
reusable mission elements. The Heavy Lift Launch
Vehicles (HLLVs) assumed in the studies were not

capable of delivering fully assembled Mars space
vehicles to LEO, and the large aerocapture systems

used extensively on the Mars transfer vehicles
exceeded the payload volume envelopes. Therefore,
the expendable launch vehicle's (ELV) payload mass
and volume constraints drove the requirement for an
on-orbit assembly function at the node while the need
to service the reusable flight hardware used

extensively in the Lunar Evolution case study drove
the requirement for an on-orbit processing capability.

To accomnuxiate on-orbit assembly at the LEO node,
the capability to assemble, handle and mate/demate

very large, very heavy and complex space vehicles
will be required. A high degree of confidence and
reliability must be demonstrated and assembly
operations must be conducted with minimum risks and
minimum WA/EVA crew involvement. For the

planetary space vehicles (aeroshelis, spacecraft,
space propulsion systems) and any reusable

elements/injection stages, the on-orbit technology
program must address handling, assembly and mating
techniques using large capacity, highly articulated
manipulators and telerobotic/teleoperated aids. The
success of providing this capability depends upon
major technological advances in the areas of
Automation and Robotics, Autonomous Rendezvous

and Docking, and control of large structures. Most of

the issues mentioned have appeared to be adequately
covered in the OAST Pathfinder Program but the
need dates and funding levels need to be further
evaluated.

TABLE 9.1-I. ORBITAL NODE TOP LEVEL TECHNOLOGY AREAS/ISSUES

• In-space vehicle processing/refurbishment
- A&R /telerobotic techniques and aids
- Automated systems test and check-out
- Fault tolerant systems
- In-space servicing/deservicin8 and check-out of "wet" systems (hypergols)
- Processing and handling of nuclear stages/power sources

• In-space assembly/construction
- Assembly of large aeroshells
- Assembly of large space transfer vehicles
- Joining of large structural elements (hangars, propellant storage facilities, etc)
- Automation/telerobotic principles (precision positioning/handling)

• Cryogenic fluid management and transfer
• Autonomous rendezvous and docking
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A commitmentm provide an extensive LEO node on-
orbit assembly and vehicle processing capability will
require considerable future study effort. However,
two important factors will undoubtedly influence the
decision to provide this capability. These are the
specific mission designs, and the performance
characteristics of earth-to-orbit (ETO) launch

systems.

The on-orbit vehicle processing function, while

requiring many of the attributes needed by the orbital
assembly function, i.e., handling, mating,
manipulatinglarge and mass/ve miss/on elmnents in
space, must also be capable of integrating, testing,
and the subsequent end-to-end checkout of any and all
elements of the space vehicle. To accomplish on-orbit
what has traditionally been done utilizing ground
based facilities will require a whole new set of in-
space operational philosophies, procedures and
support equipments - especially where manned
systems are involved. From a technology needs
standpoint, the orbital test programs for this function
(which is yet to be addressed in any of the case
studies) must focus on the development and
implementation of advanced systems capable of
performing automated checkout and systems status
interrogations on each element as processed, and on
the final flight configuration. In addition to the
integration and checkout functions, the capability to
service, maintain and refurbish all reusable flight
hardware elements must be developed.

The successful implementation of the case studies
described in OEXP SRD depend on efficiently

managing cryogenic fluids in space. From the orbital
node viewpoint, the capability to handle, transfer

and manage large quantities of cryogenic propellents
in spacefor long periods of time must be developed
and demonstrated, on-orbit- before these missions can

seriously be considered. The facilities and techniques
required to transfer the propellents from tank-to-
tank, tank-to-vehicle with minimum boiloff and
contamination in and around the LEO node must be

available early in the programs.

Autonomous Rendezvous and Docking is another key
technology driver in implementing the proposed case
study missions. Space based systems must be
developed that are capable of autonomous rendezvous
and docking with very large, very heavy and passive
vehides such as ELV's, mission vehicles and reusable

transfer vehicles and injection stages. The system

must be capable of stabilizing and maintaining

control of these mission elements for subsequent
handoff and transfer to the station, node and/or

coorbiting facilities with a high degree of accuracy.
This capability must further be incorporated into an
OMV-type system specifically tailored to handle
large masses with adequate control authority to
deliver and retrieve mission elements to and from

staging orbits. This capab///ty is an enabling
technology for the lunar and Mars cases where there
is extensive use of unmanned cargo/propellant
vehicles in the low lunar orbit and Mars orbits.

The introduction of Nuclear Propulsion cargo vehicles
will introduce some challenges to LEO node system
definition that are more operational than they are
technological. The projected orbital operations,
which include the Nuclear vehicle assembly,
processing, fueling, cargo loading and periodic
refurbishment/changeout of its thrusters, must be
accomplished with minimum risks to the crew and

the LEO node systems. Procedures and techniques
must be developed that will insure safe systems
operations that will undoubtedly be conducted in a
"nuclear safe" orbit and primarily by remote,
telerobotic methods.

The following list summarizes the major findings of
the orbital node systems definition analysis
conducted on the Exploration Case Studies to date.

A LEO node function is required for the Mars and
Lunar Evolution Case Studies.

The amount of vehicle assembly/processing
required versus ETO capability is highly Case
Study dependent.
Sizes and complexity of the mission vehicles

dictate that modularity, high reliability, and
telerobotic interfaces be incorporated into vehicle
designs.

- Space storable cryogenics, autonomous rendezvous
and docking, in-space assembly and construction,
and vehicle processing technologies are enabling
and their programs must be accelerated.

Further studies will be required, on a case by case
basis, for all of the items listed above, before an

orbital node system can be completely developed.

For the LEO node, the identification and ranking of
the technology needs are summarized in table 9.I-IL

The Node Integration Agent's initial ranking is
shown in the first column and the MASE/Level I final

ranking is shown in the second column. The OEXP
Ranking Criteria is shown in table 9.l-III.
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TABLE9.1-II.- IDEN33FICATIONANDRANKINGOFTECHNOLOGYNEEDS

TechnologyNeed

In-spaceVehicleProcessing/Servicing

In-space Assembly-element Level

In-space Assembly - Vehicle Level

Autmummus Rendezvous & Doddn 8

Cryo Fluid Storase/Manasement

Cryo Fluid Supply/Transfer

Node Ranking cmmt aanki 

I A 2

I A 2

II A 2

I A 1

I A 3

I A 3

I A 2

m A 2

II A 2

IH A I

I A 3

I A 3

TABLE 9A-IH EXPLORATION RESEARCH AND TECHNOLOGY RANKING CRITERIA

Need Categories
System/Approach Common Unique
em ,uns I u
Enhanci_ IH IV

Period Phase C/D IOC

A Near Term Post 1994 Pre 2004

B Mid Tenn Post 1997 Pre 2007
C Far Term Post 2000 Pre 2010

Fundamental R&D and/or no program in place

Needs Timing

Development
Risk / Challenge

1 High Risk

2 MedRisk

3 LowRisk

Components and/or program in place with
limited funding
On schedule; Program fully funded

Definitions:
Conm_

Unique

Enabling

Enhancing

required by all or most pathways and approaches. Specifically, a technology must be
needed for both lunar and Mars scenarios in order to be in this category.
required by only one or two pathways or approaches that we, as an agency, with to
protect the option for implementing
those technologies which must be available in order for the mission to be a success

either from a technical feasibility/performance aspect or from an affordability aspect
those technologies which yield a significant net positive benefit in terms of capability
and/or affordability
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9.2 TechnologyNeeds and Benefits

The following paragraphs describe the synthesis of
the need and the benefits for each of the technology

needs identified to support the transportation node
function. A more detailed description of these

technology areas and specific needs are contained in
the OEXP "Technology Needs Data Base" (TNDB)

along with supporting systems-related data.

In-Space VehirlP Processin_/S_'vletn_,

Synthesis of Technolot, y Need - Capability to
receive, mate/debate, integrate and checkout all
elements of the space vehicle/spacecraft in space.
Demonstration/test programs must focus on the
development of advanced systems to perform
automated checkout and systems status on each
vehicle element as processed, and complete end-to-
end test/checkout of the final flight configuration.
Capability to service, replace, and/or refurbish all
reusable flight hardware elements in addition to
providing the capability to process hazardous (wet)
systems and nuclear stages/power sources on orbit.

Technology issues/needs include A&R/telerobotics
techniques and aids, automated systems test and
check-out (fault tolerant systems), on-orbit test,
service/deservice, checkout equipment/hardware,
with crew roles and interfaces as an integral element

in the DDT&E process. In-space servicing /
deservicing of "wet systems" (hypergols) techniques
in zero or low Hg,, environments must be developed as
well as the capability to prevent / minimize spills,
detect contanxinants (and levels) and provide
methods to insure active contaminant containment.

In addition, when nuclear vehicles become part of the

STV inventory, technologies must be available to
support remote, autonomous inspection, maintenance,
servicing and _k-out of departing and returning
spacecraft.

High levels of confidence must be demonstrated in the
relevant environment prior to C/D start, especially in
the areas of crew safety and overall systems safety

aspects.

Benefits - In-space vehicle processing/servicing will
be a strong contributing factor in making the Mars and
lunar manned missions practicable and affordable.

The ability to reuse the highly complex and costly
STV's associated with these missions will reduce

ETO requ_ts Oncluding the ground processing
and operations) and the recurring flight hardware
costs associated with expendable space vehicles.

In-Space Assembly - Element Level

S_vnthesisof Technology Need -The capabilityto

handle,assemble and/or deploy large,heavy,and

possiblefragilestructures(includingaeroshells,

propulsionsystems,STV hangarcomponents,

propellantstoragefacilityelements,and interface

structures)inthespaceenvironmenttoclosetolerance

and with a minimum of EVA participation.

Development and demonstration programs must
address advanced techniques associated with joining
of structural elements and attachment/application of
advanced materials (TPS, insulation, protective

coatings, etc.) in addition to developing and testing
methods for moving and manipulating these
structural elements for final inspection and mating
the spacecraft.

Technology issues/needs include advanced
A&R/telerobotic techniques and aids for
mating/demating and positioning of the elements,
joining of structural elements (welding, bolting, snap
connectors, etc.) and the associated controls-structures

interactive systems necessary to maintain the close
tolerances required while minimizing disturbances to
the structure(s).

A high level of confidence in the techniques/process
must be demonstrated and verified in the space
environment with emphasis on the human-machine
interfaces.

Benefits - In order to implement a "Bold New
Initiative" in the exploitation and the exploration of
the moon and/or Mars, in-space assembly, both at the
"element" and "vehicle" level, will be an enabling
element in the NASA program. The size and
complexity of the STV's and the specific mission
designs suggested by the FY88 and FY89 Case Studies
will require extensive on-orbit support. This is

especially true in the Mars Evolution case where
assumed and projected ETO launch vehicles (ETV) are
not capable of delivering fully assembled spacecraft
to LEO. Just as the need to process and service the
reusable STV's drove the requirement for an-orbit
vehicle processing capability, the nature of the
missions and the ELV capabilities (mass and volume
requirements) drive the need for the in-space
assembly function at the transportation node.
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In-Svace A_aemblv - Vehicle Level ._ut_n_ot_ R,.-dezvo_ and I)o&in_

_ynthesis of Technoloey Need - Capability to
assemble, manipulate, or mate/join large, heavy, and

complex space systems such as spacecraft, space
acceleration systems, large aeroshells, etc. or any
major element/component transported separately to
the Transportation Node. Assembly and/or mating
must be accomplished with a high degree of
reliability and precision with minimum risks and
EVA participation. The on-orbit development /

demonstration programs must address handling,
assembling, and mating/joining techniques using large
capability, high articulated manipulators with
teleoperated interfaces and advanced drew support
equipment

Major technology issues/needs include 1) development
of advanced A&R/telerobotic techniques,

methodologies, and equipment (cranes, transporters,
large support assembly fixtures, etc.) that can
manipulate and precisely position the large, massive
space system components/elements so they can be
properly mated/joined and 2) development of
advanced processes (welding, bolting, snap
connecting, etc.) necessary to permanently join and/or
mate the space vehicle components/elements on orbit.
To meet these needs, concepts for specialized holding
fixtures, telerobotic end effectors and methods to test

and verify mated and/or joined interfaces must be
developed and demonstrated in the space
environment.

Benefits - In order to implement a "Bold New
Initiative" in the exploitation and exploration of the
moon and/or Mars, in-space assembly, both at the
"element"and "vehicle"level,will be enabling
elementintheNASA program. The sizeand

complexity of the STV's and the specific mission
designs suggested by the FY88 and FY89 Case Studies
will require on-orbit support. This is especially true
in the Mars Evolution case where assmm_ and

projected ETO launch vehicles (ETV) are not capable
of delivering fully assembled spacecraft to LEO. Just
as the need to process and service the reusable STV's
drove the requirement for an or-orbit vehicle
processing capability, the nature of the missions and
the ELV capabilities (mass and volume requirements)
drive the need for the in-space assembly function at
the transportation node.

Synthesis of Technolot__v Need - One of the more
critical in-space operations will be the ability/need
to encounter and transfer heavy, large, and passive
structures such as aeroshells, space vehicles,

propulsion systems, payloads, etc., in LEO. (In
addition, this capability must also be available in
lunar and Mars orbits.) Because the masses involved

will be in the i0-15 metric ton range, the capture and
subsequent maneuvering of such stmctmm/elemmts
will be difficult and hazardous. In order to conduct

such operations, it is necessary to be able to
automatically rendezvous and dock in an unmanned
mode and confirm all mechanical, fluid, electrical,
and data connections via remote observance with an

override capability.

Major technology issues/needs will include
development and demonstration of advanced
integrated GN&C concepts (including sensors for long
and short range navigation and tracking), final
closureand docking systems, advanced
fluid/data/power connectors, structural attachment
mechanisms, and advanced trajectory control
techniques for rendezvous and docking in lunar and
planetary orbits.

Benefi_ - Autonomous rendezvous and docking will be

a necessary and key contributor in implementing the
lunar and Mars missions. The ability to engage and
maneuver the large, massive ETO payloads
automatically will greatly enhance and minimize
support systems in LEO. ELV's and/or OMV-type
vehicles with "smart" front ends, capable of
handling masses in the 10 to 50 megaton range are an
essential ingredient in the LEO infrastructure
envisioned for the proposed missions.

(3"yogenic Fluid Supply/Transfer

_ynthe_is of Technoloe_ Need - Cryogenic fluid
transfer is comprised of three processes: supply,
transfer, and acquisition. The supply subsystem must
provide the required pressure differentials and liquid
subcooling capability with minimum power use and
propellant losses. Understanding of the pressurant
effects; pump/compressor system complexity,
reliability, and efficiency (minimize heat addition
to transferred fluid); pump cavitation criteria; and
acquisition/pump interactions must be established.
The transfer technology will enable single phase
liquid transfer with minimal propellant losses during
the transfer line and tank chilldown, determine the



properliquid injectiontechniqueandsequenceintothe
receivertank,provideunderstandingof theeffectsof
a low gravityor accelerationenvironment on transfer
operations, prevent inadvertent venting of propellant
during the fill process, provide for accurate mass flow
measurements, and most importantly provide
predictable tank filling capability. The method
utilized for acquisition of the fluid must be effici_t,
provide minimal themud disturbances, meet outflow
demands and minimize residual propellants, Induced
gravity (gradient, acceleration, etc.) methods for
fluid settling must impoee minimum _ts on
other systems, such as propulsion, and establish

reasonable depot/spacecraft operating scenarios.

Benefits - Without propellant transfer capability
the transfer vehicles must all be launched "wet"

(filled with the required mission propellant) by the
ETO launch vehicle limiting operational fiexibflity,

decreasing thermal performance while increasing
mission vehicle weight, and limiting vehicle design.
The capability is also required to provide known
initial conditions to the vapor cooled shields for
thermal protection on transfer vehicles requiring long
term storage capability (otherwise control system
design will be extremely difficult). Additionally, in-
situ production of cryogenic propellants may be

precluded due to lack of efficient transfer and storage
capability.

Cryogenic Fluid Storage/Management

_ynth_i_ pf Technol _o_ Need - The capability to
safely store large quantities of cryogenic fuels in a
low gravity environment will be essential for support
of long duration missions to Mars as well as lunar
transfer operations. In order to minimize propellant

losses prior to and/or deployment of spacecraft
(STV's and orbiters) with the depot must be
understood. Others areas that must also be addressed

include methods for providing safe cryogenic tankage
prior to EVA proximity operations,
dumping of propellants, prevention of solid cryogen
formation, and avoidance of fuel/oxidizer mixing.

The effects of launch environment (vibration,

acceleration, pressure differential), space
environment (contamination, debris, micrometeorites,

atomic oxygen), and degradation due to pre-launch
purge systerm and ground _ on the
thermodynamic system must be understood. Confident
system design criteria must be established for
development of future cryo_mic storage systems to
provide low conductivity supports, minimize system

weight, understand system integration
(thermal/structural), provide high reliability,
determine repeatable fabrication techniques, and
assess potential material contaminants.
Controllability of the cryogenic storage system
operating conditions must be developed to minimize

temperature stratification of the fluid and to avoid
unpredictable pressure surges, Understanding of the
gravitational environment effects, the need for and
impact of baffling, flow induces sloshing, and impact

of center of gravity shifts resulting from liquid
transfer operations will be requin_! for the
development of an acceptable attitude control system.

Benefits- Without long term cryogenic propellant
storage capability most missions will not be possible
due to the large boiloff losses and uncertainties in
pressure regulation to avoid a tank failure. Without
propellant handling capability the propellant depot
will require an attitude control system design that is
very conservative (i.e., increase in mass at LEO) to
provide adequate margins for complete control of the
system. Proper understanding of propellant behavior
under low-gravity conditions will allow development
of efficient and safe (man-rated) systems.

Additional technology needs/issues that were
derived from recently completed SSF Transition
Definition studies are discussed in the following
paragraphs. These needs were identified fwm
analyses focused primarily on the R&D growth
station and tend to be more discipline-oriented than
those mentioned above.

Ootical Communications

Communication systems capable of handling the high
data rates anticipated by the growth R&D station,
(scientific productivity) and the exploration
missions, (robotic and piloted) will be required.
Optical comm. technology applications offers the

potential of reducing size and mass of the components
as well as reducing transmitter power requirements.

Control Structures Interaction (CSI)

CSI is a new discipline which combines classical
feedback control theory with structural dynamics and
analysis in order to predict and control flexure of

large space structures. This technology is key to
enhancing a wide variety of growth station

applications and advanced missions. Applications
include development of high precision pointing
systems for attached/free-flying payloads, enhanced
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station control, tether operations, propellent depot
control during fueling operations, etc.

The following discussion addresses the technology
needs/issues derived from the SSF Trans. Definition

"distributed system" study activity. In most cases,
the particular needs are again cornnmn to both the
R&D station and LEO node support requirements but
tend to be more discipline technology oriented.

Electrical Power System (EPS)

No new technology needs were identified for the
R&D station or the transportation node function.

Guidance. N_lvigation and Control (GN&C)

Automated Rendezvous and Docking- This

capability is felt to be enhancing as traffic in the
station Command Control Zone (CCZ) increases to

support the R&D growth station. The GN&C system
should also have an autonomous relative NAV

capability to support the increased LEO traffic
anticipated in order to accommodate the OEXP
missions as mentioned previously, this technology is
enabling for the conduct of rendezvous and docking of
vehicles in lunar and planetary orbits. This is
especially true in the planetary cases where the
round-trip-light-time (RTLT) delays in deep space
communications preclude the use of real-time Earth-
based control of the vehicles.

Communications and Trackine (C&T)

Correlation Tracking Technology - Technology
involves image processing techniques which can
evaluate the total content of a grey scale input scene
against a model in memory to check for the presence
and position of known targets. This technology will
enhance the high speed measurement of target
position and atlitude for autonomous operation of
CCTV, traffic monitoring, station keeping, docking,
etc. for both the R&D station and the exploration

emphasis.

Advanced Laser Technology - Applications of laser
technology in the areas of laser comm. and laser
based tracking will be required. Laser comm. will
enhance increased bandwidth requirements while
reducing microwave interference, and applications of

laser technologies to advanced tracking systems will

greatly enhance proximity operations and traffic
control due to increased S'I'S, OMV, free-flyer, and

exploration emphasis STV's.

Data Management System (DMS)

No specifics on technology transparency were
identified. However, due to the dynamic nature of
this area, the major technology needs appear to be in

improvements in DMS architecture, standardization,
and distributed data base management systems.

_nvirpnmental Control and Life Support Systems
¢ECLSS)

Tables 9.2-I and 9.2-II depict the ECLSS baseline
technologies and the candidate substitute

technologies respectively for the R&D emphasis. In
some instances there is more than one candidate for a

particular ECLSS function, however, there is no
recommendation at this time as to which approach is

preferable.

Extravehiclular Activity (EVA) Systems

Tables 9.2-III and 9.2-IV depict the technology
assessment and observations, respectively, presented
for this system.

Thermal ControlSystem (TCS)

Advanced Thermal Management Technology -
Development of higher performance and lighter
weight heat pipe/radiator fin combinations and cold
plates would enhance heat rejection capabilities
which reducing radiator surface area
requirements/interference constraints.

Thermal Capacitors - Enhancements in this
technology area could add the capability to provide

periodic thermal energy storage and recovery using
Phase Change Materials (PCM's) to augment
ammonia subcooling requirements.

Turbo-Expanders - Capability to utilize high speed
turbines as expansion devices could enhance electrical
power generation (could result in increased thermal

rejection requirements).
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TABLE90_-LECLSS BASELINE TECHNOLOGIES

Baseline Technology

Four-bed Molecular Sieve

Bmch Reactor

Static Feed Water Electrolysis

expendable Carbon Beds With
Catalytic Oxidizer

GCMS

Multiflltration

Reverse Osmosis

Biodesradation Cup/Storage

Condensins Heat Exdunser
CO2

Cry_enic/Hish Pressure Storage

Fun_on

CO2 Removal

CO2 Reduction

O 2 Generation

TCC

A_ Monltor_

Urine Recovery

Potable Water Recovery

Hygiene Water Recovery

Waste Management

Temperature/Humidity Control

Fire Suppression

N 2 / O 2 Storage

TABLE 9._-IL ECLSS CANDIDATE SUBSTITUTE TECHNOLOGIES

Next-aeneration Technoloav

Two-bed Molecular Sieve

EDC/APC

CO 2 Electrolysis

Advanced Carbon Reactor

Water Vapor mectrolysis

Reactive Bed Plasma

xenTnq, MSMS

Membrane Dehumidification

Vapor Phase Catalytic Ammonia Removal

Air Evaporation

Supercdtical Water Oxidation

CO 2 Removal

CO 2 Removal

O 2 Reduction/O 2 Generation

002 Reduction

0 2 Genmtion

Trace Contaminant Control

Atmosphere Monitoring

Temperature And Humidity Control

Urine Recovery/Potable Water

Urine Recovery

WM/WRMffCC
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TABLE9_2oIHEVASYSTEMSTECHNOLOGYASSESSMENT

(Enab_ci_ Needs)

TedmoloKyNeeds Benefit WhenNeeded

Tools for On-orbit Pmceui_

Dlaiwmtic toots such as
ultrasonic equipment
for crack/break detection

Inspect & troubleshoot
STVs on-orbit

Start of STV on-orbit

assembly

Develop capability for
on-_bit weldin 8

Enables on-orbit contingency
repair of non-ORU elements

Start of STV on-orbit

assembly

Application of surface
treatments, coafinss,

and paints

EMU Suit Technology

Radiation Protection

SAA

Man-made radiation

Nuclear-safe orbits

Thermal conlzol

system compatible
with enclosures

Enables sum/ace touchups of
non-ORU elements

Reduce LEO EVA

scheduling constraints

Enable EVA with exposure
to man-made radiation

Enable EVA in hish altitude
(nuclear safe) orbits

Enlunces EVA duration in

enclosures (hangars,
protective garb)

Start of STV on-orbit

assembly

Start of SSF growth
phase

Vehicle processing
with nuclear

propulsion

Vehicle processing
with nuclear

propulsion

Start of SSF

growth
phase

Quarantine implications
for EVA

Accommodate processing
of return Mars vehicles

and possible mission
mntinsencim

Mars f_stfUght
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TABLE 9.2-IV. EVA SYSTEMS - OBSERVATIONS

Majority of EVA baseline Krowth accomplished with cunent technology

Areas of technology shortfalls

- Radiation protection in anthropomorphic space suits

- Quarantine implications for EVA

- On-orbit welding

- Emerging capability

- Application of surface coathq_, treatments, paints

- Dia_ostic tools for inspection of STV elements

9.3 Issues and Summary

Technology needs/requirements identified in the
concepts, configurations, and evolution operations
systems studies were, for the most part, directed at

the top level or functional areas.

The top level technology needs/requirements were
common for both the R&D growth station and the
LEO node function.

Technology needs/requirements identified in the
"distributed systems" studies were directed
primarily at enhancements to SSF and were more
"discipline technology" oriented.
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SECTION 10

Options and Trades

The following section provides an overview of four
important studies presently being conducted by OSS
which will have a major impact on Freedom's
ability to serve as a transportation node. While
these studies are not necessarily specific to FY89
OEXP Case Studies, they provide key insights into
several important issues.

10.1 Mars Space Transfer Vehicle Departure
Analysis and Implications

Planetary departures from the orbit of a space station
differ fundamentally from ground launches in the
inability of the former to choose the orientation of
the orbit from which departure occurs. While the
selection of launch time and ascent azimuth direction

for a surface launch provide a targeting choice, the
pre-existing station orbit provides no such options for
planetary missions. The oblateness of the equatorial
bulge of the Earth causes a relatively rapid
regression of the station's orbital plane (about -7.2
deg per day) thus continuously changing the
orientation of the departure orbit. An orbital launch

window occurs when the regressing orbit plane passes
over the V-infinity vector of the transplanetary
Earth escape hyperbola. At all other times energy-
expensive plane change maneuvers are required at
departure (References 10.1-1 and 10.1-2).

This phase of the space station staging study was
focused on an assessment of Earth departure penalties
for orbitally assembled and launched manned and
cargo Mars missions. Specifically, four sample

missions were selected from the then current Gateway
Case Study repertoire (Reference 2.2-1): two

Exploration mission cases (flights number one and
two) and two Evolution mission cases (also flights one
and two). Table 10.1-I shows the pertinent
characteristics of these sample cases: Earth

departure dates, Mars arrival dates, Venus flyby
dates (if applicable), and trajectory configuration,
where E = Earth, V = Venus, and M - Mars.

The purpose of the study was to determine to total

(fueled) mass on orbit, required by a typical manned
payload bound for Mars. Since the amount of

propellant required for Earth orbital departure scales
linearly with injected payload mass, a round value of
500 metric tons was assumed for the latter. As will be

shown later, the departure window availability,
measured in days, greatly depends on the amount of
energy available for injection. Table 10.1-I! shows:

total resulting mass on orbit, propellant mass and
tankage mass, as required for different levels of

effective injection C3 ( km2/s 2) which is equivalent

to corresponding amounts of total injection delta-V,
expended in a standard 3-impulse departure
maneuver sequence:

TABLE 10.1-I. - SPACE STATION STAGING (GATEWAY CASES STUDIED)

Case

Expedition

Expedition

Evolution

Evolution

Flight
Number

1

2

1

2

Nominal

Departure
Date, Earth

An'ival Date,
Mars (Fly By
Date, Venus)

2005, 8/222001, ,1/15

2002, 9/3

2004, 5/31

2005, 8/22

2003, 6/15
(2OO2,1_2}

2OO5,8/22
(2OO4,11/17}

2005, 8/22

Trajectory
(Earth, Venus,

Mars)

EM

EVME

EVME

EME

10-1



TABLE 10.1-11. - PROPELLANT MASS REQUIRED (TO INJECT 50{} t PAYLOAD)

C 3
EFF

10

15

2O

25

30

AV
TOT
31MP

3.638

3.853

4.068

4.278

4.486

Total Mass
On Orbit

Moo(t)

1278.5

1358.0

1,142.6

1553.0

1628.9

Propellant
Mass

700.65

772.20

848.34

929.70

101601

Tankase Mass
M TANKG(t)

& P/S

77.85

85.80

94.26

103.30

112.89

I.C3EFF = V31MP + ro

The selectedtrajectoriesdiffergreatlyin their

descriptionand characteristics.They are arrangedin
theorder,as listedinTable 10.1-1.Their

characteristicsaredescribedby:

a) A mission space contour chart showing the
coplanar departure C3 requirement on the departure

vs arrival date grid. The orbital departure window
analyzed is shown as a solid horizontal bar of 20-25
day length. The selected mission is shown by a
marker. Arrival date is assumed constant. Dates are

given in year/month/date format.

b) A plot of flyby radii constraints, if applicable.

c) A contour plot of effective C3 projected onto orbital

departure space - a departure date vs station
ascending node longitude (right ascension) grid.

d) A plot of departure window availability - its
length in days (for two values of effective C3) vs

station ascending node longitude (right ascension)
grid.

The Mars Expedition/Flight1 example mission,

launched inMarch/April of2001,isofType II,taking

from 300 to 275 days of trip time and requiring a
typical C3 (unconstrained by pre-existing station

orbit orientation) between 9.5 and 11 krn2/s 2, as

shown in Figure I0.I-1. The mission is an unmanned,
cargo, one-way mission.

The orbitaldepartureimposes on themissiona plane

change penaltythe implementationof which isbest

performed as a 3-impulse maneuver: coplanar (with
respect to space station) injection into a 24-hour

ellipticalparking orbit,a plane change at the high

apogee, such that the new plane contain the
departure V.- -vector, and, finally, a perigee injection
burn onto the departure hyperbola.

When evaluated over all possible nodal positions (0-
360 deg) of the space station, for each potential
departure date, a contour plot of effective C3 can be

constructed (Figure 10.1-2). It clearly shows regions of

low (-15 km2/s 2) (=3, regions forbidden to apoidse 3-

impulse maneuvers (Reference 10.1-2) and a region of
intermediate (:3 requirements sandwiched in-between

the previous two, showing reasonably long departure
windows. The thin lines are contours of constant total

AV3IMP in km/s. The slanted straight lines labeled

"nodal regression" represent the continuous shift of
nodal longitude of the space station with time.
Hence any departure window from a station of known
nodal orientation will lie along one of these slanted
lines, as shown. Some windows are short, others long,
dependent on the nodal longitude at an arbitrary
initial reference date and the way the slanted line
intersects the C3 contours, arranged in a "horseshoe"

pattern, enclosing the "forbidden" zone. Clearly,
then, some windows are discontinuous and multiple,
while others are laid out in one single stretch.
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Empty, uncontoured, regions are forbidden areas, the
result of exceeding the geometric range angle
constraint, already mentioned. The final plot for this
mission case (Figure 10.1-3) shows departure window
availability with respect to station nodal

orientation. Two aspects of this plot should be
stressed:

(1) If a minimum (single or dual) window duration is

specified one can determine the energy C3 required to

satisfy that requirement, e.g., for an 8 day guaranteed

window C3 > 20 km2/s 2 is needed - this in turn could

dictate the maximum allowable payload, if an
existing injection stage/stages are given.

(2) If a specific energy is given (i.e., fixed stage and
payload) the plot shows the stretch of the nodal
space in which orbital launch can not occur. For
instance, if 10 days are required for the window to

repair the spacecraft, exchange systems or crew,
deliver spares from ground or get a second launch off,

then, at a C3 = 20 km2/s 2, nodal longitudes between

240 and 300 degrees are not allowable. If these are
indeed the naturally occurring nodal orientations of
the station, then only three options exist:

a) Go to a higher energy injection stage or stages

b) Leave some of the payload in Earth orbit

c) Move the ascending node of the station away from
the critical zone. Reboost strategy is one of the
techniques that could be used. It will be discussed
later.

Another aspect of interest is the departure window

itself - what does it stand to accomplish? Can the
number of days between two allowable -half-

windows" be utilized in the waiting process? The
numbers of such days are marked as labels on the

first-half-window curves (thin lines) of the plot.
Conceivable, they could, when available, also be
made _o play a positive role in departure window
planning.

The second set, a Mars Expedition/Flight 2 example
mission, launched in August-September of 2002 (see
Figure 10.1-4) is of a much more sophisticated blend.
It is a manned mission, requiring a free return to Earth
capability - an ability to return to Earth without any
deterministic maneuvers, or stopover phases for all
but the last day of the Earth to Mars transfer. Minor
trajectory corrections could be performed by the

attitude control jets. The outbound leg of the mission

(118 days) utilizes an unpowered Venus swingby, to be
followed by a long (167 day) coast to Mars. In an
abort situation a targeted Mars flyby would send the
spacecraft on towards an Earth encounter (after
another 321 days). Of critical importance in such a
EVME multiple swingby mission are the flyby
distances at Venus and Mars. In this particular case
the abortive Mars flyby distance is large (9900 km),
which is good from the altitude constraint point of

view, but expensive in terms of the deflection
maneuver required to effect a grazing aerobraking
capture for the actual non-abortive mission at
arrival. The Venus flyby distance on the other hand,
specified as an unpowered flyby by the "free-return"
requirements, is low and set clear limits on the Earth
departure window dates (Figure 10.1-5). The
departure window space (Figure 10.1-6) looks
generally similar to the previous case but is cut off at
early and late departure dates by the Venus flyby
minimum altitude constraint and the Type II to Type I
trajectory transition. Again, the thin contour lines
display the contours of &V3IMP.

The final plot of the group, the departure window
availability nodal distribution plot (Figure 10.1-7)
shows that there are no dual windows in this case

because the C3 "horseshoe" is topologically inverted.

It also shows that e.g., at an energy of C3EFF_20

km2/s 2 a large gap in window availability exists for
nodal longitudes between 10 and 110 degrees, even for
a zero days departure window. For longer window
requirements the gap grows even greater.

The third set, the Evolution Flight I example is also
an EVME mission, utilizing a Venus flyby to
facilitate a timing conducive to a suitable Mars stay
time, as well as a free abortive return to Earth

without Mars stopover. The space station departure
occurs in May-June of 2004 (see Figure 10.1-8). The
Earth-Venus leg lasts 170 days, the Venus-Mars leg is
short (144 days) and the constraining flyby distance
is now at Mars, allowing a window of 28 days, as
shown in Figure 10.1-9.

The departure window space is now shaped
differently displaying two elongated "islands,"

instead of the previous "horseshoe" topology (Figure
10.1-10). The departure window availability plot
(Figure 10.1-11) is more complex than before, and
again displays nodal orientation bands inaccessible
for reasonable length of window demands.
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Thelastsetinvestigated,theEvolutionFlight2
missiondoes not require a Venus swingby. It departs
the station orbit in August-September of 2005 (Figure

10.1-12). The Mars flyby distance (see Figure 10.1-13)
is shown to be dependent on which total flight time
family of trajectories is utilized. The free return
requirement precludes any abort-maneuvers and thus
only the longer total (abortive) trip time of 1025 days
hack to Earth is acceptable - faster trajectories
require a maneuver at Mars to abort. The departure
window space plot (Figure 10.1-14) is in some ways
similar to the Expedition Flight 2 plot (Figure 10.1-6)
in that, that is does not encircle the forbidden zone by
a horseshoe. Similarly, it too does not exhibit
multiple departure windows.

The departure window availability plot (Figure
10.1-15) shows this characteristic clearly, as well as
the difficulty of accommodating 3-impulse plane
change maneuvers within a wide band of nodal
longitudes, ranging from 165 to 330 degrees.

Quite clearly then, a meam of adjusting the space
station longitude is required on a scheduled, long
range, planned strategy. One such remedy involves
preplanning small but significant changes in the
space station reboost strategy.

Periodic space station altitude reboost maneuvers
will be required throughout its life. The effect of
upper atmospheric drag is to cause loss of orbital
altitude. The drag depends on frontal area mass
loading and aernospheric density, which in turn
strongly depends on altitude and the state of solar
activity - the more active the Sun, the higher the
upper atmospheric density and thus drag and orbital
decay rate.

On the other hand the orbital nodal regression is
inversely proportional to 4.5th power of radius - the
higher the altitude, the less regression. An estimate
of the change in regression rate due to altitude change
gives (Reference 10.1-2):

d(d_/dt) = 1.36 deg/_
' km

This implies that if the space station orbit were kept
at a new lower bound altitude (at which resupply
STS docking, crew exchange and reboost occur) a new
average regression rate would be in effect, in

practical terms a 50 km rise in average altitude
would increase nodal longitude at a future date by 68
degrees for each year of the strategy's
implementation.

Two suitable strategies are shown in Figure 10.1-16.
One changes the typical strategy's lower/upper
altitude bounds from 352/374 km to a higher
409/416.5 km set. For a 1998 density prediction, both
strategies result in a 90 day (4 per year) reboost cycle,
but the higher altitude strategy gains 70.7 degrees of

nodal longitude at a year's end. The resupply
altitude would, however be higher now, resulting in
less payload delivered by the STS.

Another strategy would raise only the upper altitude
bound (same 1998 density assumptions) from 374 to 381

kin. This would result in a change of the reboost cycle
duration to 120 days (3 per year), but would leave the
original resupply altitude unchanged. The gain in
nodal would, however, be much less significant: 8.9
degrees change per year. Many other combinations of
reboost altitudes are possible.

A review of the material presented yields a number
of conclusions:

(1) The departure window availability for differing
mission types (e.g., E-M, E-M-E, E-V-M-E, etc.)
and different opportunities (launch in 2001, 2002,
etc.) shows great topological diversity,

(2) The launch window availability is a very erratic
function of Space,Station nodal longitude t_ and
on departure date.

(3) In most situations gaps in window availability
exist in some hands of t'I values, especially at the
lower effective injection energies, C3EFF.

(4) The energy cost of providing a nodaUy continuous,
0 < _ < 360 deg window availability of
reasonable duration (8-15 days) may lie as high
as 150 - 400% of the unconstrained (ground
launched) C3 requirement.

Despite this high penalty level, the resulting
increase in on-orbit propellant requirements for
transplanetary injection is moderate (generally
between 10 and 25% of unconstrained orbital

departure needs).
The use of strategies to modify Space Station
altitude vs nodal longitude is justified in most
cases.

(5)

(6)

Additional work on the subject is recommended.
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EARTH-VENUS 2002, C3L, TFL
BALLISTIC TRANSFER TRAJECTORY
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EARTH-VENUS 2004, C3L, TFL
BALLISTIC TRANSFER TRAJECTORY
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10.2 Dynamic Analysis of Space Station Freedom
Based Mars Vehicle

One concept for a manned mission to Mars uses an
evolutionary version of Space Station Freedom (SSF)

as a transportation node. The station is modified by
the addition of dual keels, an upper and lower boom,
additional laboratory and habitation modules,
increased power and an assembly platform. With
these modifications the station is called the Mars

Evolution Reference Configuration (MERC). The mass
of the station is 65 percent greater than the mass of

SSF and its moments of inertia through the mass
center are greater by approximately a factor of four.
Over a period of months, several flights from Earth
to low-Earth-orbit carry the components of a manned
Mars piloted vehicle (MPV) to the MERC where the

vehicle is constructed on the assembly platform.
After each flight the station is reboosted to an

appropriate altitude, such that the orbit decay due
to atmospheric drag forces lowers the spacecraft to
the proper altitude at the appropriate time for

rendezvous with the next assembly flight. When the
assembly process is completed, the MPV, which has
a mass of approximately 200,000 Ibm, is situated on

the evolutionary station as shown in Fig. 10.2-1. The
mass increase of the MERC with MPV system over
SSF is 112 percent and the moments of inertia about

axes through the mass center increase by up to a factor
of 12. When the MPV is assembled, inspected and
verified, the mission is ready to proceed and the
MPV is moved from the station to a staging area and
mated with fueled trans-Mars injection stages for the
flight to Mars.

The paper describes a finite element model of the
MERC formulated to investigate the expected low
frequency modes and its variation with the addition

of a large payload. A basic reboost procedure using
near-continuous firing of reaction control system jets is
proposed with off-modulation of the jets used to
control flight attitude. The reboost procedure is
described with the closed-loop attitude control

dictating jet on/off cycling based on feedback signals

Fig. 10.2-1 Completed MERC with MPV
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which contain both the rigid body rotation
information and the elastic rotations local to the

attitude sensor. The paper concludes with a
description of the dynamic response at critical points
of the station during the reboost.

MERC and MERC withMPV Descriotion

The MERC is an evolutionary version of Space
Station Freedom configured to provide assembly and
verification facilities for the Mars evolution mission.

The SSF is modified by the addition of dual keels, an
upper and lower boom, additional laboratory and
habitation modules, the customer servicing facility

(CSF), a trans-Mars injection stage (TMIS) hangar,
increased power, and a MPV assembly platform with
a mobile service center (MSC) as shown in Fig. 10.2-2.
The planar dimensions of the MERC are
approximately 215 m by 135 m. The primary truss

slzucture is constructed using 5 m square orthogonal
tetrahedral _ss bays. The truss structure supports

the pressurized modules, a combined photovoltaic
(PV) and solar dynamic (SD) power generation
system, the vehicle assembly and verification
subsystems, and a central thermal radiator system.
The habitable area of the MERC is located at the
center of the O-ansverse boom and consists of seven

modules: the US habitation module, the US

laboratory module, the European Space Agency
module, the Japanese experiment module, the life
science lab, the closed environmental life support lab
(CELSS), and a dedicated Mars habitation module.
The lower keels and the MPV assembly platform
provide docking/berthing areas for Mars mission
vehicles and their associated equipment.Three
different coordinate systems are employed to
characterize the geometry, dynamics, and orientation
and location on orbit of the station.

I

boom and Keels J SD Unit -_--._.== =,_

_ Extended Node

cs.ss -J-A '1 ,..

[ j._ ,, -4- Thermal Radiators

Lower Keels J_[____""---_ TMIS Hangar

_---- SDV Pallet
MPV Assembly Platform--4

Fig. 10.2-2 MERC AdditionstoSSF
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As shown in Fig. 10.2-3, the geometrical coordinate
system (X-Y-Z) has its origin at the center of the

center truss bay. A body-fixed coordinate system Q_-
Y-Z_) at the center of mass with axes parallel to the

geometrical coordinate system is used to describe the
dynamics and the orientation of the station with
respect to the local vertical, local horizontal (LVLH)
coordinate system. The LVLH coordinate system is
used to describe the position of the station on orbit
with respect to an earth-fixed inertial coordinate
system. The LVLH system is defined as follows:

XLVLH is parallel to the flight direction and

coincides with the X_axis, ZLVLH is directed toward

the center of the earth, and YLVLH is normal to the

orbit plane composing a right handed coordinate
system. Attitude control for the MERC is provided by
a combination of control moment gyros and a
hydrogen-oxygen reaction control system (RCS).

YLVI_

(Prro0

XLVLH

(YAW) REBOOST
DIRECTION

Fig. 10.2-3 Locationsof RCS Jets, Sensors,and Center
of Mass

The gyros are located outboard of the starboard keel
on the guidance, navigation, and control (GN&C)

pallet as shown in Fig. 10.2-3. The four clusters of

on/off type RCS thrusters, used for control moment
gyro spin-up and desaturation, and altitude reboost,
are located on the upper and lower keels and provide
a total of 200 lbf thrust in the flight direction.

Structural Model

Detailed finite element models of the MERC and the

MERC with MPV were developed (Ref. 10.2-1). The

MERC finite element model is shown in Fig. 10.2-4.
These models were based on a recent NASA baseline
structural model of SSF. The truss members are

aluminum coated graphite-epoxy tubes with a 2.0
inch outside diameter, a wall thickness of 0.067

inches, a modulus of elasticity of 13.77 x 106 psi, and a

material density of 4.05 x 104 lbf-s2/in 4. These
members are represented by beam elernents_ Joint
effect stiffness reduction is accounted for by modulus
reduction (Ref. 10.2-2).

The pressurized modules are located on the positive z
side of the center of the transverse boom. The
modules are modeled as beam elements with
structural and non-structural mass distributions. The

local module mass inertias are represented by
concentrated masses. The module interconnects are

represented by translational and rotationalsprings
which model the properties of the module berthing
mechanisms. The pressurized module cluster is
connected to the transverse boom by a series of truss
tube members, utilizing rigid-link offsets from the

elastic centerline of the modules. The alpha gimbals,
which provide solar vector tracking, are located
syn_netricany about the z axis on the transverse
boom. The gimbals are modeled as beam elements

using lineal mass distribution (equal mass per unit
length). The central station thermal radiators and
PV systems are located symmetrically about the z
axis on the port and starboard transverse boom. These
components are modeled with beam elements using
lineal mass distribution, and a bending stiffness tuned
for a first bending natural frequency of 0.15 Hz for the
radiators and 0.10 Hz for the PV system assuming a
clamped-free boundary condition. The solar dynamic
units are located on the positive and negative z faces
at the outer edges of the port and starboard
transverse boom. The units are modeled as rigid
elements with discrete mass representations of the
receiver, collector, and deployment mechanisms.
Various other structures, which include RCS, GN&C

pallet, MPV, trans-Mars injectionstage hangar,
shuttle derived vehicle (SDV) pallets, and
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Fig. 10.2-4 MERC Finite Element Model

communications antennas, are represented as offset
masses with inertia matrices about their centers of

mass. Other non-structural components (utility b'ays,
thermal control system, joint nodal clusters, and RCS
tank farms) are represented by concentrated masses
applied at the appropriate model nodes

The MERC and MERC with MPV finite element

models have approximately 5800 dynamic degrees of
freedom. The mass characteristics and rigid body
property comparisons between the MERC, MERC
with MPV, and SSF are shown in Table 10.2-I.

StructuralAnalysis

The finite element code MSC/NASTRAN, with the
Lanczos method of eigenvalue extraction, was used to
obtain the undamped natural frequencies of the
MERC and the MERC with MPV below 2.0 Hz.

The distributions of natural frequencies for the MERC
and the MERC with MPV are shown in Fig. 10.2-5.
The attachment of the MPV to the MERC system
adds three natural frequencies below 2.0 Hz and
causesa general lowering of most frequencies above
0.25 Hz.The fundamental modes for both

configurations (first flexible mode) occur at 0.064 Hz,
the MERC with MPV fundamental mode as well as

other typical modes are shown in Fig. 10.2-6. In
general the modes show a complex motion with strong
coupling of the buss structure with various power,

radiator, and payload components. The majority of
the modes exhibit similar behavior in that the

module duster region, which has the bulk of the

mass, acts as a node point for most modes and the stiff
MPV assemblyplatformmoves asa rigidbody. A
comparison of component mode occurrences between
MERC, MERC with MPV, and SSF is given in
reference 10.2-1.
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Table 10.2-I Rigid Body Properties of Finite Element Models

MERC
Configuration SSF MERC w/MPV

Total Mass 1,548 2,552 3,282
(lbf-sec2/in)

Weight on (598,000) (986,000) (1,268,000)
Earth (lbO

Center of Mass*

(in)

X C -78.7 -44.6 -39.4

Y 25.1 10.3 -16.4
C

Z C 132.6 270.9 714.7

Mass Moments of Inertia**
(lbf-sec 2-in)

IXX 1.132x109 4.801x109 7.202x109

Iyy 0"299x109 1"302x109 3"615x109

I7_Z 1.214x109 4.045x109 4.182x109

IXy 6.000x10 6 2.347x107 1.874x10 7

IXZ .8.323x106 -4.055x107

IyT. .9.667x106 7.313x107

*Measured from the center of center bay.
** About the center of mass.

-8.265x107

1.777x108

z
w

10 20 30 40 50 60 70 80 90 I00 ! IO 110

MOD[ NUMS£R

Fig. 10.2-5 MERC and MERC with MPV Frequency
Comparison

a) MERC with MPV Fundamental Mode Shape at
0.064 Hz

b) MERC Appendage Mode Shape at 0.10 Hz

c) MPV Assembly Platform Bending Mode Shape at
0.36 Hz

Fig. 10.2-6 Typical Modes of the MERC and MERC
with MPV
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Reboost Analysis

To reboost the MERC and the MERC with MPV, the

RCS composed of four dusters of jets, located on the
dual keels as shown in the schematic of Fig. 10.2-3,

fires its jets in the negative XLVLH direction to

accelerate the station in the flight direction. Since

the jets are not located the same distance from the
center of mass, the station will begin to yaw about

the ZLVLH axis and pitch about the YLVLH axis.

Inertia coupling will also cause a roll motion about

the XLVLH axis. For the current study the station is

required to maintain a rigid body flight attitude to
within three degrees of the nominal flight path, i.e.
about the LVLH axes. The attitude and attitude rate

are sensed at the GN&C pallet located as shown in
Fig. 10.2-3. An error signal, composed of the measured
attitude summed with the measured attitude rate, is

used with a Schmitt trigger (Ref. 10.2-3) to off- or on-
modulate the jets at the appropriate locations to
control the attitude. It is assumed that the station is
assembled in a 220 nautical mile (NM) circular orbit.

Altitude changes due to RCS jet firings for reboost in
one orbit will be studied. Orbital mechanics are

incorporated to compute the orbit trajectory subject to
time varying jet firings for the attitude control during
reboost (Ref. 10.2-4).

The dynamic characteristics of the MERC and the
MERC with MPV are represented as a combination of
rigid body and flexible structural dynamics (Ref.
10.2-4). Environmental torques generated by
atmospheric drag, solar radiation, and gravitational
gradient are assumed to be negligible compared to
torques generated by RCS firings during the reboost
maneuver. Also, since the attitude change
maintained is small, the orientation of the station is

represented by a time integral of angular rate.
Flexible structural dynamics are modeled by
incorporating all flexible modes below 2 Hz. One-
half percent of critical damping is assumed for modal
damping for each mode. Based on laboratory tests of
similar structures, the damping levels assumed are
probably lower than the actual damping wh/ch will
occur so that computed response levels at the sensor
location should be conservative.

Attitude Control System

Figs. 10.2-7a and 10.2-71> for the MERC and the MERC
with MPV, respectively. The sensors located at the
GN&C pallet measure the total attitude and the
attitude rate about each axis. This measured motion

is the sum of rigid body motion and flexible structural
responses at the sensor location. A proportional-
derivative feedback control is employed (Ref. 10.2-
4). The rate gains are selected to be unity for the
current design. The error signal drives the Schmitt
trigger logic to produce an on-off modulation of the
RCS jets.

Since there were significant changes in the inertia

properties and center of mass locations (Table 10.2-I),
due to assembling the MPV on the MERC, the MERC
and the MERC with MPV require different attitude

control logics. During the reboost of the MERC, the

top jet on the starboard side (FTs) is continuously
fired to maximize the thrust in the reboost direction.

The bottom jet on the starboard side (FBS) is off-

modulated to control the pitch attitude. The yaw
attitude is controlled by off-modulating the top jet on

the port side (FTp). The bottom jet on the port side

(FBp) is off-modulated for coupled pitch and yaw

control. The roll motion remains within the required

attitude limit and, therefore, is allowed to proceed
uncontrolled. During the reboost of the MERC with
MPV, the bottom jet on the port side (FBp) is

continuously fired to maximize the thrust in the
reboost direction. The top jet on the port side (FTp) is

off-modulated to control the pitch attitude. The yaw
attitude is controlled by off-modulating the bottom

jet on the starboard side (FBs). The top jet on the

starboard side (FTs) is off-modulated for coupled

pitch and yaw control. The roll motion exceeds the
required attitude limit due to the increased product of
inertia terms (see Table 10.2-I) and is controlled by

firings jets located at the top keel in YLVLH

direction (F_S and F_p). As shown in Figs. 10.2-7a

and 10.2-7b, the changes in the control logic involve

not only the adjustment of the control parameters such
as deadband and hysteresis but also the complete
reorganization of the firing sequences. Therefore,
control systems using RCS jets for the MERC should be
designed to accommodate control logic changes as the
MPV is assembled on the MERC.

Closed-loop attitude control using the RCS jets is
performed in order to maintain the attitude of the
station within +_3 degrees. Schematic diagrams of
the closed-loop attitude control systems are shown in

Reboost Results

The resultant RCS firing sequences for the first 1000
seconds of the reboost maneuver of the lVIERCand the
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Fig. 10.2-7 Block Diagram of Closed Loop Attitude Control During Reboost

MERC with MPV are shown in Fig. 10.2-8. To prevent

a chattering instability, which could be caused by
elastic rotation in the vicinity of the sensors, the
hysteresis of the Schmitt trigger was made as large
as possible while maintaining rigid body attitude
control stability. Since the hysteresis of the pitch
axis for both the MERC and the MERC with MPV is

larger than the maximum flexible component of the
error signal, RCS jet firings used to control the pitch

attitude were not influenced by the flexible response
at the sensor location. However, the hysteresis
magnitudes of the MERC with MPV for the yaw and
roll axes are smaller than the corresponding
maximum flexible error components and RCS jet
firings employed to control the yaw and roll axes may
be generated by the flexible response at the sensor
location• The total error signals at the sensor are
shown in Fig. 10.2-9. Although attitude rate is not
controlled, the magnitude of the rate is maintained
small and never exceeds 0.09 deg/sec and 0.094

deg/sec about each axis for the MERC and the MERC

with MPV, respectively. The approximate limit
cycle frequencies of 0.0010 Hz and 0.0018 Hz in the
yaw axis and 0.0062 Hz and 0.0063 Hz in the pitch
axis for the MERC and the MERC with MPV,

respectively, are well below the fundamental
structural frequency of the MERC and the MERC with

MPV. With this separation of frequencies, the
dynamic Ioadings due to jet cycling should not cause
excessive structural response during the reboost.

The almost continuous firing process for this
particular configuration reboosts the MERC and the
MERC with MPV from a circular orbit at 220 NM to a
circular orbit at 230 NM and at 227 NM in

approximately one orbit, respectively. Fuel
consumptions during the reboost maneuver of the
MERC and the MERC with MPV are 2979 lbs and 2715

lbs, respectively, assuming the specific impulse of an
RCS jet is 350 so:.
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_Dynamic Response

The elastic dynamic behavior of certain critical

points of the MERC and the MERC with MPV during
reboost are summarized in reference 10.2-I. These

results indicate that the MERC with MPV is more

responsive in certain areas than the MERC, to the
reboost forcing function. There are several factors
which lead to this result. The responses are driven

by totally different reboost pulses (Fig. I0.2-8), due to
configurational mass distribution differences. The
primary MERC reboost pulse is from the lower RCS
jets and excites the lower regions of the station to a
greater extent than do the MERC with MPV system
RCS pulses. The primary MERC with MPV RCS
pulses (Fig. I0.2.-8b) are from the upper jets and excite
the transverse boom area components to a greater
extent than the MERC RCS pulses.

An area of particular concern is the elastic rotation
local to the SD systems at the port and starboard tips
of the transverse boom. The SD system uses a
concentrator to focus solar radiation energy on a

receiver assembly which increases the pressure of a
gas working fluid. The fluid drives a turbine
connected to an electrical alternator and compressor.

The concentrator requires a ± 0.1 degree solar vector
pointing accuracy during orbital daylight. A
combination of alpha and beta joint rotational control
is provided to accomplish this pointing accuracy
during nominal orbital operations. Since the station
is allowed a + 3.0 degree rigid body rotation during
reboost (Fig. 10.2-9), a local SD pointing control

system is used to maintain pointing. The low
frequency rigid body excursions from the LVLH axes

3 degrees at 0.006 I-Iz) for the MERC and the MERC
with MPV system are easily controllable and should

present no pointing problems. The higher frequency
local elastic motions of the SD systems were
investigated to determine the extent of elastic motion
which must be countered by active control. As a
measure of elastic motion, plots of the flexible
component of sun line variation in the YZ plane over
the time of the reboost maneuver were generated.
The MERC with MPV system result, shown in Fig.
10.2-10, exhibited greater motion than the MERC
configuration since the top RCS jets located closer to
the SD were cycled to control attitude. The local
elastic motion of the SD location never exceeded the

0.1 degree requirement and should present no control
problems.

Results indicate no excessive displacements or
accelerations at the critical points investigated.
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Fig. 10.2-10 Flexible Component of Sun Line
Variation at SD Collector

These results are based on the current mass

distributions and elastic representations and are

highly dependent on the NASA baseline alpha joint
stiffness used in the structural modeling. This
stiffness is subject to change as the design of SSF

approaches maturity.

(_oncluding Remarks

This paper presented the results of a study to define
the expected low frequency dynamic characteristics
of the evolutionary station, to develop a reboost
scenario for the flexible station under active attitude
control, and to determine the influence of the elastic

response of the station on the control process.

The lowest framework frequency of the modified
station both with and without the Mars piloted
vehicle is more than 50 percent below the lowest
framework mode of the Space Station Freedom
configuration. The low frequency modes have a
complex motion with a strong coupling of the truss
structure with the various power, radiator, and
payload components, All modes exhibit similar
behavior, in that the region of the modules, which
has the bulk of the mass, acts as a node point for most
modes and the region of the stiff Mars piloted
vehicle assembly platform moves as a rigid body.

To reboost the station, a reaction control system
composed of four clusters of jets, located on the dual
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keelsfiresits jetsoppositeto theflightdirection.
Thejets are off-modulated at the appropriate
locations to control the pitch and yaw attitude. The
added mass, change in location of the center of mass
and increase in inertia caused by the addition of the

Mars piloted vehicle to the evolutionary station
lowered the global keel frequencies significantly
changing the character of the response of the station
and required an adaptability in the jet firing logic for
attitude control. The off-modulation pulsing of jets

provided sufficient control to maintain station
attitude to within three degrees yaw and pitch
during the reboost maneuver. Study results indicate
that there is sufficient separation between the
reboost jet firing limit cycle and the fundamental
frequency of the station to prevent excessive
structural response to reboost loads. The attitude
control is not significantly influenced by the elastic
dynamic response at the sensor during the reboost
maneuver.

The elastic dynamic behavior at critical points
during a reboost of the evolutionary station both with
and without the Mars piloted vehicle installed were
investigated. One particular area of concern, the
elastic rotation local to the solar dynamic systems at
the tip of the transverse boom was investigated to
determine the extent of the motion which must be

countered by an active control system. The local
elastic rotation at the solar dynamic system location
never exceeded the 0.1 degree pointing requirement
and should therefore present no control problems.
These results are based on the current mass

distribution and elastic model representation and are
highly dependent on the NASA baseline stiffness of
the alpha joint used in the structural modeling. This
stiffness is subject to change as the design of Space
Station Freedom matures.

10.3 Space Station Freedom Logistics Evolution

Currently, 5 Space Shuttle flights per year are
required to meet Freedom's logistic resupply

requirements.As a transportationnode,thelogistics

requirementstosupportLTV and MTV processing

activities, life science research and technology
development requirements, as well as, the additional
consumables to support an increased crew, will
increase dramatically the required number of Space
Shuttle logistics flights. A study to quantify these
requirements and assess the capability of the present
logistics system to evolve to meet these increased
resupply requirements is currently being conducted
under the Transition Definition Program.

10.4 Space Station Freedom Fluids Evolution

In order to support the currently defined exploration
missions, Space Station will be required to store,

handle, and provide thermal/fluid management of
various fluids, the majority of which will be

cryogenic propellants. The primary purpose of this
study is to define fluid storage and handling
strategies/requirements for the various case studies
and their associated design impacts on the Space
Station. The four specific study objectives are: (1)
conduct an inventory of all fluids expected to be
associated with the Space Station during its initial
and evolutionary phases, (2) identify fluid
management requirements such as storage, supply,
transfer, handling, thermal, and safety issues, (3)

develop optimal fluid management strategies and
concepts for fluids accomnuxiation to minirrOze
scarring of the Space Station and its operation, (4)
identify impacts to the Space Station design and
operation systems and subsystems identified in Task 3
and determine the necessary scars to be included in
Space Station Phase I design to allow future fluid
requirements. A final report on Tasks 1-4 has been
completed and released by LeRC as a separate
contractor report (NASA CR 185137, Reference 10.4-
1).
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SECTION 11

Lunar Orbiting Node

11.1 Lunar Node Support to Lunar Base
Implementation

11.1.1 Introduction

The January 1989 scenario for implementing a lunar

base used multiple rendezvous in lunar orbit as the

mode and location for the exchanges that supported
the implementation of a lunar base. The

implementation scenario begins in the year 2004 and

extends to the year 2010. Lunar base operations begin

to supply liquid oxygen for propellant during the year

2007, such that transport between low Earth orbit
(LEO) and the lunar surface utilizes Earth derived

hydrogen and lunar oxygen as propellants. When

lunar oxygen begins to supply the transport
propellant, a transfer node in lunar orbit can offer

some operating advantages. Principally, a node in
lunar orbit can reduce the number of vehicles

necessary to implement the base, relive the transport

vehicles from carrying manipulators and handing

equipment and decouple lunar ascent-descent flights
from flights between LEO and lunar orbit. These

effects and their impact on the lunar base supply
requirements are described below.

11.1.2 Lunar Base Transport

The complement of spacecraft, cargo, supplies and
propellants to implement a lunar base are

summarized in Table 11.1-I. The inventory listed is

delivered to a space station node in LEO for transport

to the lunar surface. The lunar transport flights begin
with four during the year 2004 and culminate with 12

each during the years 2009 and 2010, as 10 cargo and

two manned flights. Lunar derived oxygen begins to

provide propellant late in 2007, with an increasing

use during 2008 to the extent that all flights during

2009 and 2010 use lunar derived oxygen propellant for
transport between LEO and the lunar surface. The

operational advantages offered by a node in lunar
orbit can be assessed against the extra increment of

transport required to establish such a node in low
lunar orbit.

TABLE 11.1-1 LUNAR BASE LEO RESOURCE
REQUIREMENTS

Vehicles Mass (t)

Cargo STV 12.0
Piloted STV 12.0

Cargo LADV (3 at 4.S) 13.5
Piloted LADV 6.8
Tanker LADV (2 at 14.6) 29.2

Total Spacecraft 73.5

Transfers Mass (t)

Cargo 880.0
Supplies 182.0
Oxygen Propellant 1552.0

Hydrogen Propellant 894.0
Total Transfers 3508.0

Total Mass Delivered to LEO 3581.5

11.1.3 Lunar Node Transport Mass Requirement

The extra transport mass associated with a Lunar

Node consists of the node, its supplies, and lhe

propellant needed for transport as offset by the

reduction in numbers of spacecraft and any

operational effects. The difference is generated
during the 31 flights which occurs after lunar derived

oxygen becomes available. An analysis of masses for a
man-lended Lunar Node includes the increments

shown in Table 11.1-II. A man-tended node in lunar

orbit would show a yearly consumption of operating

supplies totalling 12,000 kg plus 1,714 kg of hydrogen

propellant for attitude control and station keeping.

The oxygen propellant would be supplied from lunar
sources. The total mass assessment involved with

placing a node in low lunar orbit is summarized in

Table 11.1-III. The summary and its totals are based

upon the assumption that a cargo type space transfer
vehicle (STV) delivers the node and a manned STV

flight follows to bring the node into operation. The

manned rendezvous activates the life support system
and transfers the initial quantity of consumables.
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TABLE 1LI-II SUMMARY OF LUNAR NODE
ELEMENTS AND MASSES

Element Mass (t)

Structure (open truss) 12.0
Man-tended Facilities for Dockin 8 5.2
Handin K Robotics 7.5
Cuidance Navisation and Control 2.5
CryoKenic Maintenance 2.5
Electrical Power 2,4
Communications 1.0

$.0On Board Sushi:lies

Total Node 38.1

The implementation of a Lunar Node permits the
transfer of propellants in tank units similar to those

proposed for support to Mars missions, Figure 11.1-1
shows a typical man-tended node configuration. The
cargo-configured Lunar Ascent-_t Vehicle
(LADV), therefore, can operate in a dual mode. The

transfer operations between the Lunar Node and the
lunar surface involves three flights that deliver
20000 kg of cargo to the lunar surface and 62,000 kg of
lunar oxygen to the node for each of 31 STV flights.
The net impact on mass transfer is summarized in

Table 11.1-W. The initial saving corresponds to the
two tanker-configured LADVs that are not delivered

plus the propellant necessary for their delivery
flights. The handing equipment aboard the node
eliminates the need for such items aboard the STV,

and results in a net saving in hydrogen propellant use
for the STV. The change in the lunar ascent-descent

flight sequence does impact the hydrogen propellant
requirement, and adds an increment of 700 kg to each
STV flight. The net difference in mass associated
with the node becomes the difference between the

extra transport items and the mass offset benefits as

shown in Table 11.1-W. This value of 76,701 kg is less
than 2.5 percent of the total transport required to
establish the lunar base.

POWER
COMPARTMENT

(20

NODE
TANK STORAGE

CAPABILITY
TO SUPPORT [

MARS MllSION|:

• CARGO |I;

(14S Idl")

• PILOTED 10;

(110 MT)

NODE HAS

aTRUCTURE WITH
TWO-CREW

CAPABILITY

CAR(

(2.e MT)

COMMUNICATION
ANTENNAS
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lODE

LADY EXCHANGE:

t os (81MT)
AND 2 EMPTY

FOR 4, HI
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Figure 11.1-1. Man-Tended Lunar Node Configuration
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The net operational effects of such a Lunar Node are

shown in Figures 11.1-2 and 11.1-3. The STV sequence

shown in Figure 11.1-2 carries the propellant in

reusable spherical tanks with a volume of about 13

m 3. The STV departs LEO with 20,000 kg of cargo and

a total mission supply of hydrogen propellant. The

exchange with the node transfers cargo and full

TABLE ll.l-Ill NODE LEO RESOURCE

REQUIREMENTS

Item Mass (t)
Node Unit 38.1

Round Trip Propellants for CarKo STV 72.75
(Empty Return)
Round Trip Propellants for Piloted STY 46.3
(Empty Return)

Expendables 3 Year Supply (Earth 41.14
Source)

Hydrogen Propellant for Expendables 7.96

Total Resource Estimate 206.25

hydrogen tanks for empties and filled oxygen tanks

sufficient for a round trip to LEO. The transfer

operations to the lunar surface shown in Figure 11.1-3,

consist of three identical flights. Each delivers 6,666

i( 8 of cargo to the surface and returns 21,000 i_ of

oxygen to the node.

TABLE ll.I-IV MASS BENEFITS AND

OPERATING EFFECTS A1"IRIBUTED TO A NODE

Mass Benefits Mass (t)

Spacecraft, 2 Tanker LADV 29.2
STY Tanker Delivery Propellant 118.0

STY E_uij)ment Reduction (31 Flights) 4.15
Total Mass Benefit 151.35

Extra LADV Hydrogen
Net Mass Benefit

21.8

129.55

Node Mass Requirement
Net Extra Mass

206.25

76.70
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LUNAR BASE 02 REQUIRED FOR EACH STV FLIGHT 104 t

Figure 11.1-3. Lunar Base LADV Sequence

11.1.4 Summary of the Evaluation

A node in lunar orbit appears compatible with the

lunar base scenario; implementation would involve a
relatively small increase in mass transport to lunar
orbit. The implementation of a Lunar Node identifies
two principal benefits. The node could eliminate the
need for a tanker-configured LADV and the node
would relieve the STV from the need to carry a
complement of specialized handing equipment. The
companion benefits from a node appear as increased
flexibility for operations. The node offers the
capability for additional in-orbit storage of
propellants or materials for return to LEO plus the
ability to have STV operations independent of LADV

operations.

11.2 Assessment of Lunar Node Support to Lunar
Base FuncUons for Other Than Lunar Derived

Fuel

An overview of the functions associated with a Lunar

Base identifies a number of supporting roles for a
Lunar Node that does not involve the transfer or

storage of propellants or other fuels generated on the
lunar surface. The supporting roles have been
identified by assessing each of the major Lunar Base
operating functions for elements that require access to,
or support from, a location in orbit. The orbital
considerations then received a supplementing
evaluation for elements or actions that could be

effectively performed by a node in Lunar Orbit. The
overview of functions, orbital considerations and roles
for a node are summarized in Table 11.2-I and the

rationales and explanations which follow, address
the major functional listings. These requirements and
roles have not been ranked or evaluated for

criticality to the operation of the Lunar Base. Such a
ranking is expected to provide part of the rationale
for implementing a node, and in addition, defining
the specific lunar vicinity for the node.
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TABLE 11.2-I OVERVIEW OF LUNAR ORBIT AND NODE SUPPORT TO LUNAR BASE FUNCTIONS

LUNAR BASE FUNCTION ORBITAL SUPPORT

CONSIDERATIONS

NODE SUPPORT

CONSIDERATIONS

I. Transfer of lunar bound items
such as:
- construction materials

- construction equipment
- base operations equipment
- science instruments

Transfer in orbit between the STV

and LADV using teleoperated
robotics to handle packaged items
- Booms and arms have grippers

that accommodate package
configurations

- Change of grippers
accomplished remotely

The orbit must be stable and

predictable, docking operations
performed remotely

Node in Lunar Orbit offers:

5TV flight profiles independent

of LADV flight sequences
No need for multiple

sequential docking between
STV and fleet of LADVs

Transfer equipment, attitude
control operation power, and
propulsion systems not carried
LEO-LLO or LLO-LS

(Simplifies spacecraft design
and operations)

Attitudeand orbitdefinedby

propulsionand communication

tradestudy

2 Transfer of lunar bound items

with needs for special handling
such as:

potable water
food

gasses
propellants
fuels

scientific support equipment
(including radioactive
materials)

Transfer in orbit between STV and
LADV with constraints due to

pressurization, temperature limits,
toxic limits, radiation, combustion,
etc.

Transfer operations can
include interconnection for

electricity, venting, shielding,
etc.

Off gassing or venting impacts
attitude control

- Temporary safe storage and
maintenance capability
relieves STV-LADV from some

design constraints
- Temporary safe storage on

Node permits optimum
delivery sequence to surface

- LADV propellant storage on
Node for use efficiency

Transfer of lunar bound crew Transfer between dedicated STV

and LADV implies stable
predictable orbit with continuous
communication links

• Node can provide temporary safe
haven

4. Lunar Base operations
- construction

- equipment operation
- equipment control

- life support
- system control
- communication

Communication links as data and

control transmissions:

Base to remote storage or
distant locations

Base to flight rendezvous for
docking and transfer control
Base to Earth as data and

information links

• Lunar Node becomes an element

in a network of satellites

Lunar Node could become a relay

station serving remote locations
and transmissions to Earth

Communication requirements
demand continuous multiple link
coverage. Satellites must operate
in stable predictable orbits in
numbers that assure continuous

overlapping fields of view
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.5. Lunar exploration and science *
support
- deploy and operate

instrumentation

- mapping and resource
definition

- data and sample collection
and retrieval

- resource evaluations

6 Return from Lunar Base and •
lunar sources"

scicnce data

sample reparation
resource preparation

7. Return of lunar crews to Earth •

& Lunar Base landing and launch •
site operations

LADV launch
LADV land

site recovery

9. Crew safety concerns:
- solar and galactic cosmic rays
- electromagnetic radiation
- nuclear materials
- toxic materials

fire/combustion

- environmental adaptation

- injury, disease, psychosis

Navigation mapping and position
determination utilizing UV,

visible, IR and other capabilities in
addition to communication
- maintain continuous

communication with remote

operation
- define areas and features for

exploration
support expeditions

Requires platform in orbit with
multiple emitters and detectors.
Orbit must be stable and

predictable as part of navigation
or Position definition

Data preparation and return
utilizes the communication link

capability, (see 4 above)

Transfer requirements are the
same as for lunar bound crew (see

3 above)

Real time continuous
communication and control links
between STV and LADV

throughout the ascent and
descent sequences.
Requirements implies "bent pipe"
relay stations with multichannel
capability. Stable, predictable
orbits with overlapping fields of
view.

Safe haven or medical facility
away from lunar surface

detail requirement determined
from hazard and effect studies
orbit trades ease of access from

lunar surface against ease of
rendezvous by rescue vehicle

Lunar Node can provide the
mapping-navigation multiple
emitter and detector capability

Lunar Node can provide an
interim ascent-descent capability
for access to remote areas on the
lunar surface (alternate to either a

ballistic trajectory or a surface

transport)

Lunar Node could provide sample
recoveries from remote locations

by means of a dedicated
transporter carried as part of the
exploration or evaluation

equipment

Node can provide temporary safe
haven

Node simplifies operations by
separating STV controls and
LADV controls.

Node can provide location away
from lunar surface. Study to
define:

- number of occupants and stay
time

- protection afforded as
shielding, medical treatment,

and related capabilities

11.2.1 Transfer of Lunar Bound Items and Crew

(Functions 1, 2, and 3)

The general approach to the delivery of materials,

equipment, supplies and personnel to the lunar surface

involves rendezvous and transfer operations between

Space Transfer Vehicles (STV) and Lunar Ascent-
Descent Vehicles (LADV) in the vicinity of the

Moon. The concepts for transfer operations that do not

involve a Lunar Node require either a series of

dockings to a number of LADV or keeping the STV in
the vicinity of the Moon while an LADV executes a

series of flights, these trades have been addressed in

previous studies. In addition to decoupling the flight

profiles, a node can carry all the transfer booms,

manipulators, controls, and related items which
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thereby relieves both the STV and LADV from that
mass penalty and complexity. A node in lunar orbit
offers a temporary storage facility for fuels and
propellants intended for delivery to the lunar surface
which adds to the flexibility of lunar base
operations. If all fuels and propellants originate
from the Earth, then dedicated tanker mission STV

flights may become necessary. In such a case, the
LADV operations may show an overall mass usage
advantage when the propellant supply remains at
the lunar rendezvous point and the LADV flights
carry only the quantity needed for a round trip.
Previous analyses of LADV operations have not
addressed such a logistic alternative.

11.2.2 Lunar Base Operations and Lunar Exploration
(Functions 4 and 5)

Communication link evaluations have been part of
all lunar exploration scenarios, a Lunar Node would

become part of a network of orbiting elements
supporting communication, navigation and mapping
activities.

A node also has a possible role in transport
operations. Rovers moving on the lunar surface must
accommodate rough terrain and uncertain footings,
therefore high speed surface operations do not
appear as near-term capabilities. A flight system
alternative would have to operate in a ballistic
trajectory which could constrain full coverage of the
lunar surface. A node offers the potential for a
fractional (or multiple) orbit dwell and could thereby
reach points on the lunar surface in a relatively short
time. Vehicles that support transport operations
would be much smaller than the LADV used during
the principal supply flights. The concept of using a
node to supplement surface transportation may justify
a further evaluation.

11.2.3 Lunar Return Considerations (]F_nctions 6, 7,
and 8)

The support for returning materials and crews from
the Lunar Base appear as a reverse replay for the
inbound scenario; decoupling the LADV and STV
operations remains a valid justification for the node.
In addition, the node offers a singular advantage for
return operations from remote exploration sites. If a
small, partial-orbit transporter supports the out-flow
of personnel and equipment from a central base, then
the returns could move directly to the node. Such a
capability also offers an increment of flexibility to
missions performed by Lunar Rovers. In such cases,

the Rover may carry the flight transporter as part of
the initial inventory. The flight transporter could
then return samples or equipment from remote
locations, and if necessary, perform resupply directly
from the node.

11.2.4 Sa/e Haven Requirements (Function 9)

A Lunar Node has the capability to function as a Safe
Haven in support of any emergency scenario defined
for the Lunar Base. An impending asteroid impact
appearsasan emergency situationthatcould force
the immediate evacuation of a Lunar Base and not
allow time for an STV transit. A manned LADV could

providetheorbitinghaven,however, thenecessary

on board life support equipment would limit its main
operation; Safe Haven requirements and a scenario
for sating the crew remain as open items for a
continuing evaluation.

Insummary, thereviewofoperatingfunctionsfora
Lunar Basedoes show areasthatbenefitfrom access

to a node in the vicinity of the Moon and these

benefits justify further study evaluations. The
review does not identify a preferred location for a
node,and suggeststhatthelocation fora node may be

definableonly in terms of the objectives and scenario
proposed for the Lunar Base itself.

11.3 A Lunar Orbiting Node in Support of Missions to
Mats

Future Mars missions may use lunar-derived oxygen as
a propellant for interplanetary transit. A man-
tended platform as a Node in low lunar orbit offers a
site for storage and transfer of lunar oxygen to the
transport vehicles as well as rendezvous and transfer
for lunar-bound cargo and crews. In addition, it could
provide an emerg_ safe-haven for a crew awaiting
rescue. A conceptual design study yielded an
approximate size for the platform needed to support
typical oxygen transfer rates which were based upon
NASA studies of Mars missions. The Node consists of

a gravity gradient stabilized lunar orbiting tank-
farm with a storage capacity of 100,000 kg of lunar
oxygen, 3,300 kg of lunar cargo and 9,300 kg of Earth
suppliedhydrogen.An _gency habitat

configuration accommodates 14 persons on-board for
110 days. The Node supports an annual lunar oxygen

productionof106kg with220,000kg ofoxygen

delivered to Earth orbit for an expenditure of 109,000
kg of Earth supplied hydrogen.
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11.3.1 Introduction 11.3.2 Definition of Node Requirements

The NASA Office of Exploration conducted mission
studies involving manned expeditions to the Moon
and Mars as part of their Bold New (Space)
Initiatives Strategic plan. Within the roles assigned
to each of the participating field centers, the
Langley Research Center received the primary
responsibility for orbital Node aspects of the future
lunar and interplanetary expeditions. The Nodes as
supply or transfer stations, included those in orbit
about the Earth, the Moon and Mars. An orbiting
Node provides the mission operation flexibility
required for a continuing exploration. The transit
vehicles can rendezvous with the Node to exchange
or store, cargo, crew or logistic materials (food, water,
propellants etc.) for subsequent delivery (or

retrieval) by special purpose ascent-descent vehicles.
A Node becomes a critical element when mission

constraints limit the frequency of transit flights to
the point where transfer quantities dictate a number
of ascent-descent operations (i.e., transfer trajectory
windows do not allow sufficient dwell times in a

remote orbit).

The use of lunar supplied oxygen as a propellant for
Mars exploration missions led to the evaluation of a
Lunar Node configuration which could provide the
necessary storage and transfer of liquid oxygen either
for return to low Earth orbit or for direct transfer to

the Mars-bound spacecraft. The Node also would
serve as a transfer point for lunar bound cargo and the
hydrogen propellant needed to bring the lunar oxygen
up to the Node. The definition of requirements for
the Node identified the potential need for a safe-
haven capability that could support the entire lunar
base crew during a rescue mission seque_e originating
from the Earth.

The descriptions and evaluation of the Lunar Node
begin with an assessment of transfer requirements
based upon data from concurrent NASA studies.
These requirements then translate into a logistics
flow sequence for the Node and the transfer vehicles.
Considerations for the safe-haven then lead to

descriptions of two configuration options and a
summary of mass assessments for each configuration.
The final section identifies areas for further

evaluation considered pertinent to the configuration
for the Node.

The conceptual study for the Lunar Node drew upon
data generated by the co-participation in concurrent
NASA exploration mission studies. The principal
source became the Scenario Requirements Document
(SRD) (Reference 11.3-I) which was subject to
periodic updates that reflected the progress of the

mission study. The final form of the lunar mission
scenario selected multiple or sequential rendezvous
between the transit vehicle and a number of ascent-

descent vehicles and recognized that safe-haven
requirem_ts could be satisfied without an orbiting
platform. However, a Lunar Node appears as a
practical mission element at the time lunar base
operations begin to produce propellant oxygen for
other than lunar surface-lunar orbit transfer. The
current scenarios indicate an initial need sometime

between the years 2007 and 2010. The concept
presented in the sections which follow describes a
Lunar Node which could support mission scenarios for
Mars exploration that use lunar derived oxygen as a
propellant and included an active lunar outpost.

The specific requirements and related assumptions
applied to the Lunar Node for the evolutionary
expansion missions of Reference 11.3-1 appear
summarized in Table 11.3-1. The development of the
propellant logistics schedule required a combination
of related data from the SRD draft and some

assumptions, since the portion of the reference that
included the lunar propellant logistics schedule had
not been completed in time to support this study. In
the baseline concept, the Node supplies lunar
lx-oduced liquid oxyge_ for Mars expeditions and
assumes: (1) The transfer and ascent-descent vehicles

use cryogenic chemical propulsion for all velocity
changes except for aerobraking at Earth and Mars,
and (2) Assembly and propellent loading of the Mars-
bound vehicles are performed in Low-Earth Orbit
(LEO). The transfer of lunar liquid oxygen to Mars-
bound vehicles directly from the Lunar Node or from
an Earth-Moon libration point would revise the
propellant logistics manifest described below. The
use of a Mars Node together with the use of Mars
generated propellant would also impact the transfer
logistics at the Lunar Node.
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TABLE11.3-1SUMMARYOFD_ REQUIREMENTSANDIN'rERPRErATIONS

NodeOperation:
LowLunarOrbit, 100Ion altitude, Polar. On-board station-keepin$ and communication.

- Support two person crew durfn s transfers, 12 person crew on lunar surface, 6 months stay time.
- Safe-haven provides Manned Access, Life support, Rendezvous capabilities for rescue spacecraft.

Propellant and Cargo Transfer at the Lunar Node:
- Lunar oxygen is transferred for delivery to low Earth orbit.
- Lunar oxygen transfers at the rate of 600 metric tons annually.
- Lunar bound cargo transferred at the rate of 20 metric tons annually.

Propellant Corollaries:
All propulsion is by 142-O2

Hydrosen transfer supports Lunar Ascent/Descent Flights.
Cryo retention recognized but not a specific item for the initial configuration.

11.3.3 Propellant Logistics

The long term plan for Mars exploration includes an
initial ten to twelve year period with total

dependence upon Earth supplied liquid oxygen and
liquid hydrogen for propulsion. This era also covers
the assembly of the infrastructure which includes the

Lunar Node, the lunar outpost, and the lunar oxygen
production facility. Once these facilities are in full
operation the Lunar Node assumes its role as a

propellant transfer facility and this period defines
the logistic transfer requirements at the Lunar Node.
Here the propellant logistics must consider both the

liquid hydrogen supplied from Earth as transported
from LEO and the lunar derived oxygen returned to

LEO. Each step, or stage, of the transport consumes
some of each propellant.

The annual transfer of 600 Metric Tons (t) of lunar

derived liquid oxygen becomes the initial parameter
in the definition of the Node and its associated

vehicles. A sequence that transfers 100 t of liquid
oxygen during each of six annual trips defines an
effective Space Transport Vehicle (STV) that
operates between LEO and the low lunar orbit of the

Node. An ascent-descent sequence that transports 100
t in three flights appears appropriate. Figure 11.3-1
shows the features of such an STV flight and Figure
11.3-2 shows the features of the LADV flights; the
details are outlined below. These flight assumptions
permit an initial estimate of the masses for the STV
and the Lunar Ascent-Descent Vehicle (LADV), here
the results from other studies (Reference 11.3-2) lead
to the selection of a transfer vehicle mass at or near

20 percent of the transferred oxygen mass. The

estimates of masses for the liquid hydrogen
propellant utilized the study defined value of 4707

N-sec/kg for the specific impulse coupled with a
mass mixture ratio of 7 to establish the propulsion
capability. The propellant masses derived reflect

solutions to the impulse equation for the velocity
increments associated with each segment of the
flights. For the STV, the escape from Earth orbit

used 3150 m/sec as established for the Apollo mission
(References 11.3-3 and 11.3-4). The velocity changes
associated with the lunar orbit were made the same

for entering and leaving. The value selected included

a small margin relative to the Apollo values of 915
m/sec, and recognized that the actual values would

be somewhat less. The margin accounted for mid-
course corrections and final orbit trim. The STV

assumes an aerobraked deceleration equal to the
velocity requirement for Earth orbit escape. The
propulsion requirements for lunar ascent and descent
utilized the same velocity increments at 1800 m/sec in
both directions and were considered attainable. The
LADV would not have all the constraints associated

with the Apollo landings and would use a minimum

energy trajectory. These assumptions together with
the logistic transfers defined an initial estimate of

the propellants needed for LADV operations. In
summary, 18 LADV flights would transfer 600 t of

lunar produced oxygen to the Node in exchange for 20
t of cargo bound for the lunar surface plus the
hydrogen propellant needed for LADV operations.
These parameters together define a mass of 9.3 t for

the hydrogen transferred during each flight from the
STV to the Node.
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The 100 t of oxygen plus the mass of the STV combine

with the velocity change requirement to define the
mass of on-board hydrogen necessary for the return at
2.8 t. The STV at LEO has a final payload consisting
of the 100 t of oxygen diminished by the amount used
for a propellant during the return such that the STV
arrives with 80 t of lunar oxygen.

The active STV payload at rendezvous with the
Node consist of the lunar bound cargo, 3.3 t,the
hydrogen propellant for the LADV, 9.3 t, and the
hydrogen propellant for return, 2.8 t. These masses
plus that of the STV combine with the velocity
change to define the propellant mass requirements of
6.2 t hydrogen and 43.1 t oxygen. The oxygen
available at LEO is then the difference between the

100 t transferred in lunar orbit and the propellant
consumed during a round Izip STV flight and yields 37
t for each flight. The mass of the STV, the cargo
transferred, the mass of the LADV and the velocity
increments all interact in the determination of

propellants which in turn define the eventual oxygen
yield at LEO.

The definition of mass requirements for each element
of STV and LADV flight sequences, permits a further
definition of the logistic technique for handling the
cryogenic liquids. A review of the masses and
corresponding volumes during each dement of the

flight led to the selection of spherical tanks of 11 m 3
volume as the transport containers and items for
transfer. The tanks would hold the cryogens at
nominal one atmosphere conditions which are -90 K

for oxygen at a density of 1140 kg/m 3 and -20 K for

hydrogen at a density of 70 kg/m 3. Such tanks have a

diameter of 2.75 m and are of aluminum alloy
construction. The mass estimate suggest that a full
H2 tank on Earth represents a handling weight of
about 1.1 t, while the same tank filled with 02 on

the lunar surface represents a handling weight of
about 2.1 t. Both values appear reasonable for local
handling, storage and transport. The robotic transfer
of tanks offers flexibility in handing and avoids
large cryogenic fluid transfers in microgravity. The
tanks will need connections to cryo maintenance
systems during storage, orbital dwells and STV
flights but not during the short LADV flights. It is
recognized that some of the tanks will need
connection to the propulsion systems during flight.
These interconnections can be accomplished within
the sequence of the transfers.

The above considerations define the actual flight and

transfer operations; Figure 11.3-1 presents the
sequence for an STV round trip. At departure from
LEO, the STV carries an allotment of cargo, three
tanks of oxygen propellant needed for transit to the
Node, and 23 tanks of hydrogen which will supply
the Earth round trip propellant and perform the
LADV flights. When the STV docks to the Node, the
oxygen has been expended along with the contents of
seven hydrogen tanks. The transfer at the Node

exchanges twelve filled hydrogen tanks and cargo for
nine filled oxygen tanks plus three empty tanks.
Tanks exchange one-for-one. At departure from the
Node, the STV carries nine full tanks of oxygen, three
tanks of hydrogen and 14 empties. The transit to LEO
consumes the hydrogen and nearly three tanks of
oxygen such that at LEO docking, three tanks of
oxygen become available for other use and three
tanks remain on-board for the next departure.
Operations at LEO exchange empties for hydrogen
filled tanks and cargo to repeat the sequence. The

tanks are compatible with the payload bay of the
shuttle such that a minimum of six could return as

part of a manned flight. Delivery to orbit would
utilize some form of cargo vehicle such as a Shuttle-C
configuration (Reference 11.3-5). In summary, each

round trip flight for the STV delivers 3.3 t of cargo to
the lunar surface and returns a net 37 t of liquid
oxygen to LEO for an expenditure of 18.2 t of
hydrogen.

The LADV makes three identical flights that
exchange oxygen for cargo and hydrogen at the Node,
Figure 11.3-2 illustrates the sequence and logistics.
The LADV carries seven tanks of which six can be

exchanged at the Node. At lift-off from the lunar

surface, the LADV carries three full oxygen tanks for
transfer, one filled oxygen tank for propellant and

three hydrogen tanks that also supply propellant.
At rendezvous with the Node the LADV has three

full oxygen tanks for transfer, one partially filled
oxygen tank and three empty tanks, The three full
oxygen tanks and one of the empties exchange for four
hydrogen filled tanks and 1.1 t of the cargo. At
departure from the Node the LADV carries the cargo,
four full tanks of hydrogen and a partial tank of
oxygen. Upon landing, the LADV tankage consists of
three full of hydrogen, three empties for refill with
lunar oxygen and an empty on-board oxygen tank.
Three such flights prepare the Node for the next
exchange rendezvous with the STV. In summary,
three LADV flights deliver 3.3 t of cargo to the lunar
surface and 100 t of lunar oxygen to the Node. The
deliveries require the expenditure of 9.3 t of Earth
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supplied hydrogen plus 643 t of lunar provided

oxygen.

The summary of propellant transfer logistics
indicated by Figures 11.3-1 and 11.3-2, suggest that
about 37 percent of the 02 delivered to lunar orbit
will become available at LEO and about 60 percent of

the lunar surface 02 production can be delivered to
lunar orbit. The combined result is to deliver

approximately 22 percent of the lunar oxygen
production to LEO. An annual production rate of 986 t
for lunar oxygen yields 222 t to LEO for other use, and
consumes 109 t of Earth supplied hydrogen.

11.3.4 Crew Habitation Option

The Scenario Requirements Document (Reference 11.3-
1) identifies the need to provide a safe-haven for
crews stranded either from the lunar base or the

transportation vehicles until rescue can be effected
from LEO. The Lunar Node offers a site for such a
safe-haven at an intermediate location between the

lunar surface and LEO. The contingency events which

could require such an emergency shelter include a
lunar habitat that became inoperative or a
malfunctioning space transfer vehide with exchange
crews aboard and therefore was unable to return to

LEO. In such a context, a safe-haven provides a
habitat with air, food, water and minimal creature
comforts sufficient to sustain the crew until rescue.

Safe-haven does not include protection from solar
flares. The safe-haven crew capacity and duration of
stay are not specified in the SRD, however, for the
purpose of sizing, the Node considered two bounding
conditions. The minimum safe-baven capability is
provided by the equivalent of one Space Station
Freedom resource node and one scaled-down logistics
module. This volume permits Space Suit Operations,
multiple vehicle docking capability, and life support
for a two-person crew during man-tended periods of up
to five days. This is considered the "Tended"
configuration. The need to evacuate the lunar base

could generate an emergency condition for a crew of 14
that had to stay for 110 days (capacity to abort one
visit from the STV). This "Habitat" Configuration,
includes a Space Station Freedom habitat module in
addition to the resource node and provides a capacity
for 1500 man-days of emergency occupancy. The

option incorporates a pressurized volume that
provides some additional amenities such as exercise
equipment, showers, separate sleeping areas, a
galley, and other features associated with long
duration, large crew missions. The survival resources
of oxygen, food, water, and personal items considered

only open cycle systems. Carbon-dioxide is absorbed
from the air but not recycled. Water is not recycled
but stored as liquid waste. Clothing, bedding, and
food service utensils are used once and then stored as

trash. The masses and volumes of supplies required
for life support in orbit are well established; the
data compiled for Space Station Freedom (Reference
113-6) provided the basis for deriving a 1500-man

day supj3ort requirement totalling 32.9 t and a volume
of 66 m a. The electrical power capacity for the
"Tended" option was set at the 20 kW level. This
level would sustain the crew and meet operations

requirements. For the safe-haven "Habitat" the
electrical power demand was selected to be 35 kW,

largely due to the life support power requirement.
Further evaluation of energy use and energy storage

for dark periods is required to arrive at a confident
figure.

11.3.5 Lunar Node Description

The two conditions for on-board crew accommodations
within the Lunar Node result in two base-line

configurations which share a number of common
features. Table 11.3II summarizes the principal
features and requirements for the Nodes. The
concepts for the Lunar Nodes are shown in figures
11.3-3, 11.3-4 and 11.3-5. Figures 11.3-3 and 113-4
show the "Habitat" configuration docked with the
STV and LADV, respectively; Figure 11.3.5,shows
the "Tended" configuration docked with the LADV.
All three figures show the concepts for transferring
propellant in tanks and cargo in packages. The Mars
missions include the options for a transfer of the
oxygen propellant directly to the Mars-bound
vehicles during a lunar orbit rendezvous. The Nodes
have the capacity for such transfers, the tanks and
masses associated with such transfers are shown in

figures 11.3-4 and 11.3-5. The principal design
features for the Lunar Nodes are described below, and

first address the mutual items and then the unique
features in table 11.3-11.

Doekln_ Canabllltv
v

The docking adapter is universal to the STV, LADV,
and the Lunar Node; it permits the simultaneous
docking of both vehicles to the Node. Figure 11.3-6
shows such a concept. A resource node from Space
Station Freedom has been adapted to provide the
multiple docking functions in addition to
environmental control and life support for the crew.
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Robotic Transfer Unit

The transfer unit moves the tanks and cargo between

the LADV, Node and STV. The unit compares to the

Remote Manipulator System on the shuttle and would

need to position a filled 02 tank, (mass - 13 t), at

distances up to 15 meters.

f,.ommunicaflon and Trackinm

The links for the Node communication system assume

a relay satellite in higher orbit. The links would

include voice, video, and housekeeping data

telemetry. The tracking system operates line-of-sight

to the horizon for operation with the LADV, and

line-of-sight as available for the STV. Both the

communication and tracking functions require controls

for antenna positioning.

Crvo-lMatnh_nanee

The attachment mechanism for securing the tanks
includes a collection manifold linked to the tank

vent-and-fill lines. The STV flight schedule in effect

determines the maximum on-board storage time for

any tank. A reliquification capability is included to

preserve the 02 and 1-12. The option remains to retain

the boil-off, using the gases for attitude stabilization

or potentially in fuel cells for energy during dark

periods.

TABLE 11.3-1/. SUMMARY OF LUNAR NODE RF.QUIR_ AND UNIQUE FEATURES

1. Lunar orbit storage of cryogenic liquids.
- LH2:9.3 t total, 3.1 t for 55 days max
- L02:100 t total, 33.3 t for 55 days max

Remotely actuated tank attachments for 12

spherical tanks 11 m 3 capacity each.

Attachments include provisions for maintaining
both 02 and H2 as cryogenic liquids.

2. Lunar orbit storage of cargo pallets.
3.33 t max

Remotely actuated package attachments for
three packages of 1.1 t each.

. Docking capability for STV and LADV
individually and simultaneously

Universal docking unit based upon Space Station
Freedom resource node accommodates up to 3
spacecraft at one time.

4. Tank and cargo transfer.
Node to STV: 12 tanks exchanged and 3.3 t cargo
transferred

Node to LADV: 4 tanks exchanged and 1.1 t
cargo transferred

Tel.operated boom and effectors with
capabilities that include:
- Reach up to lS m.

- Mass up to 15 L
- Position within 20 cut during transition with
provisions for fine motion within a I em diameter
during engagement.

5,

6.

7.

Communication and rendezvous.

Tracking links for both manned and
tel.operated docking.

Spacecraft functions as emergency haven for
lunar crew (1500 man-days support capacity, 110
day operation) with power, ECLSS, GN&C, and
expendables included on-board.

Spacecraft functions as man-tended (two man
crew for five days) with power, ECLSS, GN&C and
limited expendables.

RF links via communication satellite relay
include: Command, control, telemetry data,
video and relay of docking support data from
radars and lasers to show ranging and
positioning.

Node structure is a pressurized cabin based
upon the Space Station Freedom habitat module.
Exterior modified for tanks and cargo
attachment

Node structure is open truss 8ridwork with
attachment points for tanks and cargo.
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The power system has been estimated on the basis of
15 kW to operate the node plus 2.5 kW for each person
aboard. The photovoltaic power system has been
sized for either 20 kW or 35 kW, depending upon the
safe-haven capacity. Re-generative fuel cells are
the preferred power storage option.

Habitat Module Full Crew Safe-Haven

(Figures 11.3.3 and 11.3-4) This option has the

capability to sustain the expanded crew for a period
of 110 days. The structure and accommodations are
based upon the Space Station Freedom habitat
module.

Minimum Crew Accommodation

(Figures 11.3-5 and 11.3.6) The minimum crew option
utilizes the resource node as the principal manned

operations area, with the necessary ancillaries
attached. An open beam sU-ucture supports And
provides the retention mechanism for the tankage
and cargo. The structural concept resembles that used

for the NASA Long Duration Exposure Facility.

11.3.6 Lumu" Node Masses

The estimates for masses of the Lunar Node

configuration used Space Station Freedom aluminum
technology as the base and added assessments of
consumables. The mass estimates addressed a total of
four cases, as the "Tended" and "Habitat"

configurations with either a full complement of on-
board oxygen or with hydrogen and cargo. These
loading conditions represent the maximum and
mindmum loading conditions. Table 11.3-111
summarizes these masses and show that the

U'ansferred oxygen represents the largest single mass
element for the system.
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Figure 113-(_ Simultaneous Docking of STV and LADV to Lunar Node
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TABLE 11.1-Iff SUMMARY OF LUNAR NODE ELEMENTS AND MASSES

Element Node l_mm with 02 (t) Node Masses with H2

Habitat Tended Habitat Tended
(t)

Propellant and Tanks Transferred 102.3

Carso (per trip)
Resource Node and Docking Adapter 5.2
Robotics and Transfer 7.5

Communications, Trackin K, GN&C 3.5
Cryo Maintenance 2.5
Space Habitat 34.0
On-Board Supplies and Consumables 33.0
Man-Tended Truss and Structure

Power SuFF! _ 3.3
Total Node 191.3

102.3 11.3 11.3
3.3 3.3

5.2 5.2 5.2
7.3 7.5 7.5
3.5 3.5 3.5
2.5 2.5 2.5

34.0

3.0 33.0 3.0
12.0 12.0

2.4 3.3 2.4

138.4 103.6 50.7

11.3.7 Conclusions and Continuing Studies

This initial single-point evaluation shows that a

Lunar Node can expand the flexibility of a lunar

base. A Lunar Node provides a focal point and buffer

storage for cargo, propellants and crews. The present
study identifies three areas that justify further

evaluation. The safe-haven requirements need a

trade study to refine crew compliments and dwell

times compatible with the majority of contingencies.
This single point evaluation underscores the need for

sensitivity studies that cover a range of propellant

mixtures, specific impulses and velocity change
requirements. Lunar base missions will not have to

use the conservative trajectories required for Apollo.

The refinement of the Node operating subsystems

definitions would benefit from an analysis of orbital

properties that included the time in sunlight, and the
dynamics associated with rendezvous. These

parameters would support the definitions of the solar

collection field, energy storage capacities,

communication links and rendezvous opportunities.
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SECTION 12

Summary

Using the exploration mission requirements stated in
the final version of the Study Requirements
Document, the Space Station Freedom program has
assessed the accommodation requirements and
provided an appropriate implementation of those
requirements for each of the FY 1989 case studies.

This implementation included an engineering
description of the systems utilized to meet the
mission requirements including habitat modules,

laboratory modules, and vehicle processing facilities.

The key findings of this report are:

, Space Station Freedom as baselined in the

January 1989 timeframe is properly designed
and scarred to evolve to a transportation node,
but

° Without the use of a Heavy Lift Launch
Vehicle (HLLV) to decrease the number of

assembly flights, Space Station Freedom will
no_.!be able to grow in a _ enough manner
to support various exploration mission
objectives. Objectives that may not be obtained
are life science research into extended crew

stay times in a micro-gravity environment and
vehicle assembly for the Mars Evolution case
study, and vehicle processing for the Lunar
Evolution case study.

, A preliminary assessment of a co-orbiting
assembly fixture for the Mars Evolution case
study indicates that such a facility could be
used to construct a Mars Transfer Vehicle

(MTV), but a detailed technical, operational
and cost assessment would be required to
validate this initial work.

. Preliminary analysis also indicates that lunar

and Mars vehicle processing can be conducted
on-orbit. Further study of the use of
automation and robotics to replace EVA

activities and increase crew safety is required,
along with additional definition of on-orbit

crew task requirements.

o Finally, advanced technologies for transfer and
long-term storage of cryogenic fluids on-orbit,
and in-space vehicle processing are required to
support the exploration missions.

It is vitally important to the success of all of the case

studies assessed in FY89 that all current Space
Station hooks and scars be maintained in _e

baseline program.

The Space Station Freedom program has the
capability to be ready to support the review and
decision on extending human presence into the solar
system.
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ACRONYMS AND ABBREVIATIONS

AC
AC
AE
AI
AM
AO
AOTPM

APAE

APS

Art-g
Artificial-g
ASRM
AVG
BAT
BIA
BITE
C&M
C&M
C&T
C&W
C/O
(23

CAE
CAL
CCTV
CCZ
CDR
CELSS

CERV
CHPF

CIU
CK
Clvl
CM
o'n

OvIG
CO2
COdeE

Code EB

Code S
Code Z

CPD

Alternatingcurrent
Assembly Complete
BuildingAE
Aluminum

Building AM
Building AO
Ascent/Orbit Transfer Propulsion
Module

Attached Payload Accommodations

Astronaut Positioning System

Artificial gravity
Artificial gravity
Advanced Solid Rocket Motor

Average
Battery
Bus Interface Adapter
Budlt-in Test Equipment
Control and managenumt
Control and monitoring
Communication and Tracking
Caution and warning
Checkout

Square of the hyperbolic excess

velocity in units (kmls)2
Computer Aided FJigineering
Calibration
Closed circuit television
Command and Control Zone

Critical Design Review
Closed Environmental Life Support
System
Crew Emergency Return Vehicle
CERV Hazardous Processing Facility
Communications Interface Unit
Check
Center of mass
Crew Module

centimeter

Control Moment Gyros
Carbon diox/de

Office of Space Science and

Applications
Office of Space Science and
Applications Life Science Division
Office of Space Station
Office of Exploration

Cryo Propellant Depot

CRYO
CRYO#1
CRYO#2
CSF
CSI
CY
D4
DC
DMS
DSN

DSTF
E

ECCV
ECLSS

EDCO
EDO
EHF
ELV
EMU
EPS
EPT
ESA 60
ESA
ETO
EVA
EWG
EXT
FAC
FEL
FLT
FMS
FSAS

FTS

FY

g
GEO

GEOMOD

GHe

GHy
GN&C

GN2

GND

GSE

HIW
H2

H20

Cryogenic

CryogenicBuilding#I

CryogenicBuilding#2

Customer ServicingFacility
Control S_ctures Interaction
Calendar Year

Delta 4
Direct current

Data Management System

Deep Space Network

Delta Spin Test Facility
Earth

Earth Crew Capture Vehicle
Environmental Control and Life

Support System
Extended Duration Crew Operations
Evolution Definition Office

Engine Handling Fixture
Expemlable Launch Vehicle
Extravehicular Mobility Unit
Electrical Power System
Excursion Propellant Tank

Explosive Safe Area 60
European Space Agency
Earth-to-orbit

ExtravehicularActivity

EvolutionaryWorking Group
External

Facility
FirstElement Launch

Flight
FluidManagement System
FluidServicesAccommodations

Subsystem
FlightTeleroboticServicer
FiscalYear

gravity(9_ m/s2)
Geostationary Earth Orbit
GeometricModeler

Caseous Helium

GaseousHydrogen

Guidance, Navigation and Control
Gaseous Nitrogen
Gmmxt

Ground Support Equi_t
Hardware

Hydrogen
Water
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Hab
HAB#1
HAB#2
HDR
He
HLLV
HRM
HYD
HYPERGOL
Hz
I&T

I/F
IA
IDEAS2

IF
IHPF

IHPPF

INS
INSP
INT
INT
ISP
IVA
IVT
IWFS
IWS

jsc
KBPS

kg
kin
KSC
kW
Lab
LADV
LAN
LaRC
lbf
ibm
LCL
LCSV
LCV
LDEF
LDR

LEO
LESC

LEV

LEV-C

LEV-P

LH2

Habitat

HabitatModule #I

HabitatModule #2

High data rates
Helium

Heavy LiftLaunch Vehicle

High Rate Multiplexer

Hydraulic

Hypergolic propellant
Hertz

Integrationand Test
Interface

IntegrationAgent

InteractiveDesign and Evaluationof

Advanced Spacecraft
Interface

IntegratedHazardous Processing

Facility

IntegratedHazardous Payload

Processing Facility
Integrated Nitrogen System
   ect/Ins  on
Integrated
Internal

Specificimpulse

IntravehicularActivity
InterfaceVerification Test

IntegratedWater FluidSystem

IntegratedWater System

JapaneseExperimentModule

JohnsonSpaceCenter

Kilobitsper second

kilogram
kilometer

Kennedy Space Center
kilowatt

Laboratory
Lunar Ascent/Descent Vehicles
Local Area Network

Langley Research Center
pound (force)
pound (mass)

Lunar Cargo lander
Lunar Crew SortieVehicle

Lunar Cargo Vehide
Long Duration Exposure Facility
Low data rate
Low Earth Orbit

hxkheed EngineeringandSciences
Company
Lunar Excursion Vehicle

Lunar Excursion Vehicle - Cargo
Lunar Excursion Vehicle - Piloted

Liquid Hydrogen

Li

LLOX

LOOP

LOX

LPD

LPT

LPV

LSS

LTV

LTV-C

LTV-P

LVLH

M

m

MASE

MB

MBPS

MCV

MD

MDM

MDR

MDV

MERC

mil

MLI

MMU

MMU

MOCS

MOD

MODGEN

MOOS

MPAC
MPV

MRMS

MSC

MSS
MT

MTC

MTV

N

N/A
N2

N2H2

NA

NASA

NAV
NET
NIU
Nm

Lithium

Lunar Liquid Oxygen
Launch/On-Orbit Processing Study

Liquid oxygen
Launch Preparation Document
(Delta)

Lunar Propellant Tanker
Lunar Piloted Vehicle

Life Support System
Lunar Transfer Vehicle

Lunar Transfer Vehicle - Cargo
Lunar Transfer Vehicle - Piloted

Local Horizontal/Local Vertical
Mars

meter

Mission Analysis and Systems
Engineering
Megebits per second
Megabits per second
Mars Cargo Vehicle
MUX-Demultiplexer
Multiplexer/demultiplexer
Medium data rate
Mars Descent Vehicle
Mars Evolution Reference

Configuration
0.001 inch

Multi-layer insulation
millimeter

Manned Maneuvering Unit
Mass Memory Unit

Mars OrbitCapture System
Module

Model Generator

Mars Orbit Operations System
Multipurpose Application Console
Mars Piloted Vehicle

Mobile Remote Manipulator System
Mobile Servicing Center
Mobile Servicing System
Mobile Transporter System

Man-tended Capability
Mars Transfer Vehicle
Newton

Not applicable or not available
Nitrogen

Hydrazine
Not applicable or not available
National Aeronautics and Space
Administration

Navigation
Network
Network Interface Unit
Nautical mile
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NSO

NSTS

O&C

O-O

O2

OAST

OEXP

OMI

OMV

OPS

ORU

OSCRS

OSE
OSS
OSSA

OTV
P_
PCA
PCM
FCM
PCt'
PDR
PDRD

PhEV
PHF

PHSF

PL
PMAD

PMC
PMS
PRD
PRESS
PRR
PSC
PV
PWR

QD
R&D
R&R

R/T
RCS
REC

RMS
ROB
RTGF

Nuclear SafeOrbit

National Space Transportation

System
Operationsand Check-out (Building)
On-orbit

OfficeofAeronauticsand Space

Technology

OfficeofExploration(Code Z)

Operations and Maintenance
Instruction

OrbitalManeuvering Vehicle

Operations
Orbital Replaceable Unit
Orbital Spacecraft Consumables

Resupply System
OrbitalSupport Equipment

Officeof Space Station (Code S)

OfficeofSpace Scienceand

Applications (Code E)
Orbital Transfer Veh/cle

Payload
Propellant Con_ol Assembly
Phase Change Material
Pulse Code Modulator
Power Control Panel

Preliminary Design Review
Program Definition and Requirements
Document
Phobos Excursion Vehicle

Payload Holding Fixture
Payload Hazardous Servicing
Facility
Payload
Power Management and Distribution
System
Permanently Manned Configuration
Platform Management System

Program Requirements Document
Pressure

Preliminary Requirements Review
Platform Service Center
Photovoltaic
Power

Quick DtKonnect

Research and Development
Remove and replace
Real Time

Reaction Control System

Receiving
Remote Manipulator System
Robotics

Radioisotope Thermoelectric
Generator Facility

RTLT

S

S/C
SAA
SAEF-2

SBE
SBI
SD
SDV
SFM
SIA

SIA
SIM
SLS
SPASIS
SPDM

SPPD

SRD
SSF
SSFP
SSFPO

SSME
SSPE
SSPF
STA
STD
STS
STV
t
TBD
TCS
TDRS
TEA
TEA
TEl
TEIS
THF
TLM
TMIS
TN
TNDB
TPS
TPT
TVC
UPA
V
VAB

VAR
VAXPLOT
VEH

Round-trip-light-time
Hanger S

Spacecraft
Special Assemnnent Agent
Spacecraft Assembly and
Encapsulation Facility number 2

Servicing Bay Enclosure
Space Biology Initiative
Solar Dynam/c
Shuttle Derived Vehicle

Servicing Facility Manipulator
Signal Interface Adapter
Station Interface Adapter
Simulations

Spacelab System

Space Systems Integrated Simulation
Special Purpose Dextrous

Manipulator
Strategic Plans and Programs
Division

StudyRequirements Document
Space Station Freedom
Space Station Freedom Program
Space Station Freedom Program
Office

Space Shuttle Main Engine
Space Station Program Element
Space Station Processing Facility
Service Track _ly
Standard

Space Transportation System
Space Transfer Vehicle
metric tons
Tobe determined

Thermal Control System

Tracking and Data Relay Satellite
Torque Equih_rium Angle
Torque Equilibrium Attitude
Trans-Earth Injection
Trans-Earth Injection Stage

Tank Handling Hxture
Telemetry
Trans-Mars Injection Stage
Transportation Node
Technology Needs Data Base
Thermal Protection System
Transfer Propellant Tank
Thrust Vector Control

Universal Payload Adaptor
Venus

Vertical Assembly Building
Variance

DEC VAX plotting program
Vehicle
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VPF

VS

WCS

WM

WRM

XFER

XMIT

VerticalProcessingFacility
Versus

Waste CollectionSystem

Water Management

Water Recovery Management
Transfer

Transmit
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APPENDIX F

LUNAR ON-ORBIT PROCESSING TRANSITION TABLES
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SPACE STATION FREEDOM PROCESSING REQUIREMENTS
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APPENDIX H

MARS ASSEMBLY FIXTURE PLOTS
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MARS VEHICLE ON-ORBIT PROCESSING SUBTASK FLOWS
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APPENDIX J

MARS VEHICLE ON-ORBIT PROCESSING TRANSITION TABLES
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APPENDIX K

MARS VEHICLE ON-ORBIT PROCESSING RESOURCE TABLES
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APPENDIX L

MARS VEHICLE GROUND FACILITY REQUIREMENTS
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7.0

7.7

SECTION TITLE

INTRODUCTION

ROLE OF THE NODE

INTEGRATION AGENT

ROLE OF THE OFFICE OF
SPACE STATION IN

SPACE STATION FREEDOM

TRANSITION DEFINITION

SPACE STATION FREEDOM
TECHNICAL OVERVIEW

CA_I_ STUDY 2.1 - MARS
EXPEDITION

EARLY AUGMENTATION

OF SPACE STATION

FREEDOM GROWTH

CASE STUDY 4.1-LUNAR

EVOLUTION

Pro_I_llant Tethered to

_;pace Station
METEOROID AND ORBITAL
DEBRIS SHIELDING FOR
HANGERS

LUNAR VEHICLE
SERVICING AND
REFURBISHMENT

AUTHOR (A),
STUDY MANAGER (M)
TECHNICAL ANALYST (TA)

William M. Cirillo(A)

William M. Cirillo(A)

Steve Cook (A)
E. Brian Prirchard (A)
William M. Cirilio (A)

Steve Cook (A)
E. Brian Prirchard (A)
William M. Cirilio (A)

Karen D. Brender (A)

William M. Cirillo(A,M)

EricDahlstrom (A,TA)

J.KirkAyers (TA)
Laura Waters (TA)

Barry D. Meredith (M)
PeterAhlf (TA)

Rudy Saucillo(TA)
David Eakman (TA)

E. Brian Pritchard(A)

William M. Cirillo(A,M)

EricDahlstrom (A,TA)

J.KirkAyers (TA)
Laura Waters (TA)

PatrickA. Troutman (TA)

Wash/to Sasomoto (TA)

Marty Henry (A,TA)

Eric Dahlstrom (A)

Ken Sory (M)
Rick Vargo (A)
Fred Mitchell (A)

Ken FIemming (A)
Maurice Willis (A)

ORGANIZATION

NASA LaRCoSSFO (Node IA)

NASA LaRC-SSFO

NASA Headquarters
NASA LaRC SSFO
NASA LaRC SSFO

NASA Headquarters
NASA LaRC SSFO
NASA LaRC SSFO

NASA LaRC SSFO

NASA LaRC SSFO

LESC-Hampton

LESC-Hampton
AMA

NASA LaRC SSFO

MDSSC-Washington D.C

MDSSC-Washington D.C.
MDSSC-Washington D.C.
NASA LaRC SSFO

NASA LaRC SSFO

LESC-Hampton

LESC-Hampton
AMA
NASA [.aRC SSFO
NASA LaRC SSFO
AMA

LESC-Hampton

MDSSC-KSC

MDSSC-KSC

MDSSC-KSC

MDSSC-KSC

MDSSC-KSC
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SECTION TITLE

(_ASE STUDY 5.0 - MAP_
EVOLUTION

MARS ASSEMBLY FIXTURE

ASSESSMENT

MARS VEHICLE ASSEMBLY

TECHNOLOGY NEEI_

STUDIES. OPTIONS. AND

TRADES
MARS SPACE TRANSFER

VEHICLE DEPARTURE
FROM LEO ANALYSIS
DYNAMIC ANALYSIS OF
SSF BASED MARS
VEHICLE

LUNAR ORBITING NODE

SUMMARY

General

TechnicalEditing

AUTHOR(A),
STUDY MANAGER (M)

TECHNICAL ANALYST (TA)

William M. Cirillo(A,M)

EricDahlstrom (A,TA)

J.KirkAyers (TA)
Laura Waters (TA)

PatrickA. Troutman (TA)

Washito Sasomoto (TA)

JonetteM. Stecklein(A,M)

CatherineM. Plowman (A)

Miguel Gonzalez (A)

Ken Sory (M)

RickVargo (A)
Fred Mitchell(A)

Ken Flemming (A)
Maurice Willis(A)

Charles P. Llewellyn (A,TA)
William M. Cirillo (TA)

William M. Cirillo(M)

Andrey B. Sergeyevsky (A)
Paul K. Henry (M)

J. Kirk Ayers (A,TA)
Tae W. Lim (A,TA)

Paul A. Cooper (M)

L. BernardCanner (M)

JohnW. Goslee(M)

Ansel J.Butterfield(A)

William M. Cirillo(A)

Martin J. Kaszubowski

ORGANIZATION

NASA LaRC SSFO

LESC-Hampton
LESC-Hampton
AMA

NASA LaRC SSFO
NASA LaRC SSFO

NASA JSC APO
LESC-Houston
LESC-Houston
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MDSSC-KSC

MDSSC-KSC

MDSSC-KSC

MDSSC-KSC

AMA
NASA LaRC SSFO

NASA LaRC SSFO

JPL
JPL

LESC-Hampton
LESC-Hampton
NASA LaRC

NASA LaRC SSD
NASA LaRC SSD
Bionetics

NASA LaRC SSFO

CTA-Newport News
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JM2/S. McDonald 1 1
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PT02/BruceWlegman
PT21/U. Huter
PT31/C.F. Huffaker
PT41/J.P. Sumrall
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OTHER GOVERNMENT AGENCIES

VOLUME NUMBER -->

Bureau of Mines, U. S.
Twin Ci_as Research Center
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Minneapolis, Minnesota 55417
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Corps of Engineers
Research Lab
P.O. Box 4005
Champaign, IL 61820-1305
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1 1 1
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John P. Warren, P.E.

1 1
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P.O. Box 25046, 964
Denver, CO 80225
Dr. Gary Olhoe#

1 1

INDUSTRY

VOLUME NUMBER -->

AeorVIronment Inc.
!s23My e
Monmvia CA. 91016-3424
B.D. Hibbs

1 1

AeroJet TechSyetoms Co. 1 1
4749 Nasa Rd. 1, Suite 50
Seabrook, TX 77586
ClayD.Boyce

Allied.Signal Aerospace Co. 1 1 1 1 1 1 1
2525 West 1901h Street
P.O. BOx 2960
Torrance, CA 90509-2960
M. Nacheff-Benadict

Analex Corp
21775 Brookpark Road
Fair_ew Park, OH 44126
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